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Microdamage Accumulation in Bovine Trabecular Bone
by
Tara L. Arthur Moore
Abstract
When bone is loaded beyond its failure point, it develops damage in the form of
microcracks. Normally, microcracks are repaired by the remodeling process, limiting the
number of in vivo microcracks. However, if the rate of microdamage accumulation
increases or the rate of remodeling slows, microdamage can accumulate, reducing bone
stiffness and strength and may lead to stress fractures or fragility fractures.
A new technique for visualizing microdamage in vitro has been developed that
uses chelating fluorochromes to label microcracks. Sequential staining is used to
distinguish between microdamage that occurred before testing and damage created during
testing. Microdamage parameters quantified include the total number of microcracks,
total length of microcracks, damaged area, the number of trabeculae containing
microcracks, the pattern of microcracking, the extent of microdamage across the
thickness of the trabeculae, and the size of the damage-containing region in the specimen.
The chelating fluorochrome marker technique was used to label and quantify
microdamage in specimens of bovine trabecular bone damaged in uniaxial compression
and compressive fatigue, and relationships between microdamage parameters and
changes in mechanical properties (maximum compressive strain, modulus reduction)
were quantified. The progressions of damage accumulation during a single compression
cycle and during fatigue to failure were determined. Comparisons were made between
specimens tested in different loading modes, including uniaxial compression,
compressive fatigue, and compressive creep (Pierce, 1999). Microdamage accumulation
increases with increasing specimen strain and with increasing stiffness loss.
A model was developed to predict modulus reductions based on observed
microdamage using cellular solid principles. The predictions were compared to
experimentally measured changes in mechanical properties during uniaxial compressive
loading and compressive fatigue. There was good agreement between model predictions
and experimental results for specimens tested in uniaxial compression. The model
predictions were less accurate when applied to specimens tested in compressive fatigue.
Thesis Supervisor: Lorna J. Gibson, Ph.D.
Thesis Committee: Brian D. Snyder, M.D., Ph.D.
Subra Suresh, Ph.D.
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Chapter 1: Introduction
1.1 Motivation
Microdamage, in the form of small cracks, is present in healthy human bone.
Microdamage may occur due to a single overload (at loads below those required to
fracture the bone) or due to fatigue loading (repetitive loading during the activities of
daily living). In the case of an overload, such as a fall, significant amounts of
microdamage are created without causing a clinically apparent fracture. During fatigue,
relatively small loads may cause initiation and propagation of cracks over many cycles,
although the load levels are not sufficient to cause damage during a single cycle.
Microdamage is thought to be a stimulus for bone remodeling (Burr et al., 1985,
1997; Mori and Burr, 1993; Bentolila et al., 1998), so areas of bone that contain
microdamage are preferentially targeted for replacement with new, intact bone. Current
estimates suggest that at least 30% of remodeling activity is targeted remodeling of
damaged areas (Burr, 2000), rather than stochastic modeling of randomly selected
regions. In healthy individuals, bone is continually removed and replaced by the bone
remodeling process and few microcracks are present in vivo.
Microdamage accumulates when microdamage formation exceeds the body's
capacity for repair, leading to reductions in bone stiffness and strength (Keaveny et al.,
1994c; Fyhrie and Vashishth, 2000) and increased fracture risk (Burr et al., 1997). If
microdamage continues to accumulate, the damage may coalesce and lead to an overt
fracture. Two relatively common situations may result in pathologic microdamage
accumulation. In the first case, the increase in microdamage formation is due to
abnormal stresses on the bone, usually caused by a new or different type of strenuous,
repetitive exercise in an otherwise healthy individual (Daffner and Pavlov, 1992). This is
particularly common in elite athletes, dancers, and military recruits, but may also occur in
individuals beginning an intensive exercise program. Fractures resulting from increased
loads on a normal bone are termed stress fractures.
In the second case, microdamage is created at normal rates, but damage
accumulates due to decreased remodeling ability. Bone remodeling rates decrease
naturally with increasing age, and an exponential increase in microdamage is seen after
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age 70 (Schaffler et al., 1995b; Mori et al., 1997; Fazzalari et al., 1998b). A suppression
of bone remodeling may also occur as a side effect of some drugs, including a resorption-
inhibiting class of drugs, bisphosponates, used to treat osteoporosis (McClung, 1996;
Parfitt et al., 1996). Fractures that occur due to decreased remodeling are termed age-
related fragility fractures, or insufficiency fractures (Daffner and Pavlov, 1992). In the
case of elderly individuals, the reductions in bone stiffness and strength due to
microdamage accumulation are compounded by stiffness and strength reductions due to
the naturally occurring decrease in bone mass with age. This decrease in bone strength
increases fracture risk, sometimes enough tl,at a fracture may occur during activities of
daily living, such as lifting moderate loads, reaching, or coughing. Current studies
estimate that 10% of all hip fractures and 50% of vertebral fractures are so-called
spontaneous fractures, occurring at load levels less than the expected strength of the bone
(Lane and Myers, 1996). These fractures represent a serious public health concern
(Dargent-Molina, 1998), as associated health care costs due to osteoporotic fractures
were estimated at $13.8 billion in 1995 (Fox Ray et al., 1997) and insufficiency fractures
represent a significant fraction of these.
Microdamage in bone can be observed by histologic examination of thin sections
of bone specimens that have been bulk stained prior to sectioning to label microcracks. A
new technique using chelating fluorochromes has been developed to label microdamage
in bone (Lee et al., 2000). Chelating fluorochromes bind directly to calcium and can be
used in sequence to determine when microdamage occurred. For example, specimens can
be stained before and after mechanical testing to distinguish between microdamage
present before testing and that created during testing.
Microdamage is present in both solid cortical bone and porous trabecular bone as
small cracks that are usually less than 1 mm in length in cortical bone and somewhat
shorter in trabecular bone. Cracks may be present individually or may be grouped
together on a single trabecular strut. As well, damage is present in localized regions in
the specimen, with other regions remaining intact. Because the organization of
microdamage in trabecular bone occurs on several levels, a number of parameters can be
used to quantify microdamage accumulation. They include crack number and length,
crack surface density, damaged area fraction, damaged volume fraction, and number of
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damaged trabeculae. Damage can also be classified by the pattern of cracking, including
diffuse damage, single cracks (longitudinal and transverse), regions of cross-hatching,
and complete trabecular fracture. We have also used two new microdamage parameters:
the extent of damage across the trabecular thickness and the length the specimen
containing damage.
Microdamage has been observed in mechanically tested specimens of cortical and
trabecular bone that have been subjected to known loads and strains, but microdamage is
not present in significant amounts until the specimen has been loaded beyond yield
(Zioupos et al., 1995; Wachtel and Keaveny, 1997). A number of studies have shown an
increase in microdamage accumulation with increasing specimen stress (Zioupos et al.,
1995) or increasing specimen strain (Wachtel and Keaveny, 1997; Reilly and Currey,
1999) in monotonic tests. Microdamage also increases with increasing modulus
reduction during fatigue loading (Forwood and Parker, 1989; Schaffler et al., 1989;
Zioupos et al., 1996a; Hoshaw et al., 1997; Boyce et al., 1998; Burr et al., 1998; Jepson
et al., 1999; O'Brien, 2001). A recent study (Burr et al., 1998) determined mathematical
relationships between microdamage accumulation and changes in mechanical properties
in cortical bone. We are not aware of any studies of this sort using trabecular bone.
The work presented here assessed mechanical property changes and microdamage
accumulation in mechanically tested bovine trabecular bone that has been loaded in
uniaxial compression and in compressive fatigue. Relationships between mechanical
property changes (maximum strain and modulus reduction), and microdamage parameters
were examined and the progression of microdamage during loading to failure was
determined.
Recently, researchers have begun to study the mechanistic relationships between
microdamage and mechanical properties, and have developed models to explain these
relationships. Guo et al. (1994) modeled modulus reduction due to random trabecular
strut removal, as well as mechanistic removal of trabecular struts that failed due to
growth of pre-existing microcracks during fatigue loading. Yeh and Keaveny (2000)
used finite element modeling to simulate microdamage and microfractures in trabecular
bone and found that microdamage affects bone mechanical properties more than
microfractures, due to the relatively small number of microfractures present. Taylor
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(1998b) has developed a model that predicts crack growth in cortical bone during fatigue
loading based on measured stiffness reductions throughout the test. This thesis develops
a cellular solid model that predicts modulus reductions for specimens tested in uniaxial
compression based on observations of microdamage in experiment specimens and
compares the predictions to experimentally measured values.
1.2 Research Questions
In this study, we related microdamage accumulation to changes in mechanical
properties in mechanically tested bovine trabecular bone specimens, and developed
cellular solid models to relate changes to bone modulus to observed microdamage. Both
the overloading (post-yield) and fatigue damage cases were studied, and the two cases
were compared to each other and to specimens loaded in compressive creep in a separate
study (Pierce, 1999). Specifically, we asked the following research questions:
1. What are the best concentrations and sequences of chelating fluorochrome stains for
visualizing microdamage in bovine trabecular bone?
2. Can microdamage created prior to testing be distinguished from that created during
mechanical testing?
3. How does microdamage accumulate in bovine trabecular bone loaded to increasing
strain during compression?
4. Is there a relationship between microdamage accumulation parameters and changes in
mechanical properties for trabecular bone specimens loaded in uniaxial c mpression?
5. Can changes in stiffness in bovine trabecular bone tested in uniaxial compression be
explained by a cellular solid model based on observed microdamage?
6. How does microdamage accumulate in bovine trabecular bone during compressive
fatigue from zero load to fracture?
7. Can the cellular solid models developed for bovine trabecular bone tested in
monotonic compression be used to explain changes in stiffness caused by fatigue
loading?
8. Is the microdamage accumulation during fatigue different from that created during
uniaxial compression and compressive creep, and does microdamage accumulation
differ in specimens tested in fatigue at different normalized stresses?
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1.3 Literature Review
1.3.1 Bone Biology
1.3.1.1 Bone Structure
Bone serves several purposes in the body. As well as acting as a rigid structural
support and providing lever arms for muscles, tendons, and ligaments, bone protects
internal organs, bone marrow within the bone provides hematopoesis, and bone itself
serves as a reservoir for calcium and phosphorus (Nordin and Frankel, 1989). Bone is a
living organ that is constantly being removed and replaced or "turned over" by the bone
remodeling process, and the adult skeleton is replaced approximately every ten years.
Bone mineral is a composite structure, consisting of small (-50 nm (Schaffler and Jepsen,
2000)) hydroxyapatite crystals (65 - 70% of dry weight) in a collagen matrix (25 - 30%)
(Nordin and Frankel, 1989).
Normal bone is classified into two types: cortical, or compact, bone and
trabecular, or cancellous, bone. Cortical bone is nearly solid (porosity ranging from 5%
to approximately 30%) and is found in the shafts of long bones and as the outer layer of
all bones. The interior of some bones, including vertebral bodies and the ends of the long
bones, is filled with a porous, spongy-looking bone, termed trabecular or cancellous
bone. This interior of porous bone increases the weight-bearing capacity of the bone with
a relatively small increase in mass. Trabecular bone is generally considered to have a
relative density, p*/p, of less than 0.70. The structure of trabecular bone varies widely
between different species, different anatomical sites (Amling et al., 1996), and between
individuals. Low-density trabecular bone, such as that seen in osteoporotic human
vertebral bodies, consists of rod-like elements in an open-celled structure. Denser
trabecular bone, such as that seen in the bovine proximal tibia, is usually composed of
plate-like elements, forming a nearly closed-cell foam.
Some of the differences in structure of trabecular bone in different locations can
be explained using Wolff's Law (Woo et al., 1981; Cowin, 1986), which states that bone
will adapt to optimally carry the loads placed on it. Bones with increased loading
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increase in mass, while disuse causes a reduction in bone mass. As well, the architecture
of the bone adapts to optimally carry the loads placed on it.
With age, several factors affect the skeleton. The most apparent of these changes
is a reduction in bone mass. Bone mass reaches a peak by the age of 25, then decreases
at a rate of 1-2% per year (Lane and Myers, 1996). In women, the rate of bone loss
increases more dramatically with the cessation of estrogen production at menopause
(occurring at approximately age 50). This results in the development of osteopenia or
osteoporosis, depending on the degree of bone loss, with osteoporosis defined as bone
mass 2.5 standard deviations below the young normal mean (Alexeera et al., 1994). As
bone mass is lost, the trabecular structure changes as trabecular plates are perforated and
evolve into trabecular rods (Mosekilde et al., 1987), and as some trabecular struts thin
and others are lost completely (Bergot et al., 1988). This loss of trabeculae increases the
slenderness ratio of the remaining trabeculae, decreasing their buckling resistance
(Snyder et al., 1993). As well, the bone tissue becomes more mineralized (Grynpas,
1993) and the rate of remodeling slows (Daffner and Pavlov, 1992). This results in
reductions in bone stiffness, strength, and failure energy (toughness) with increasing age
(Ding et al., 1997; Zioupos and Currey, 1998; Zioupos, 2001). These mechanical
property reductions are beyond those expected due to changes in bone mass alone
(Mosekilde et al., 1987). All of these factors result in an increased fracture risk. This
risk is turn is compounded by other factors, such as the risk of falling, which also
increase with age.
1.3.1.2 Bone Remodeling
Bone remodeling begins when a region of bone is resorbed by osteoclastic activity
and replaced by new bone laid down by osteoblasts. Remodeling occurs gradually, with
only a few percent of the total bone volume undergoing remodeling at any given time.
The remodeling process takes approximately 6-9 months to complete: 3-6 months to
make the new bone packet, and a further 3 months the new bone to be completely
mineralized (Frost, 1989).
Bone is thought to contain sensor cells that measure strain, compare the strain to
acceptable values, and activate when the strain is not within that range. Many theories
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(Turner, 1998, 1999; Martin, 2000) hypothesize that osteocytes in the bone matrix are
able to sense strain, possibly through stretch-activated ion channels, interstitial fluid flow,
electric potentials, or another phenomenon. A direct link exists between microdamage
and the initiation of remodeling in cortical bone (Burr et al., 1985, 1997; Mori and Burr,
1993; Bentolila et al., 1998), and the same relationship is assumed to be true for
trabecular bone (Martin, 2000).
An interesting development in bone remodeling involves the bisphosphonate class
of drugs, which have been approved for the treatment of osteoporosis. Bisphosphonates
help increase bone mass by suppressing bone resorption while allowing bone deposition
to proceed (Parfitt et al., 1996). Specifically, bisphosphonate use suppresses the targeted
portion of bone remodeling (Li et al., 2001). The use of bisphosphonates have been
shown to increase bone mass in humans and in animal models (Schneider et al., 1999).
However, if a significant portion of the bone to be resorbed is targeted remodeling, i.e.
remodeling initiated to repair microdamage, then suppressing remodeling will cause
microdamage accumulation. While most recent studies of animals treated with
bisphosphonates show an increase in microdamage accumulation (Forwood et al., 2000a;
Forwood et al., 2000b; Hirano et al., 2000; Mashiba et al., 2000), others do not (Forwood
et al., 1995). Mechanical property reductions are also associated with high doses of
bisphosphonates, but this may be due to poor mineralization rather than microdamage
accumulation (Hirano et al., 2000; Mashiba et al., 2000).
1.3.2 Contributors to Mechanical Properties
The mechanical properties of trabecular bone are affected by several factors.
Trabecular bone strength and modulus are strongly correlated with bone relative density,
p*/p., (Carter and Hayes, 1977c; Rice et al., 1988; Keaveny et al., 1993b). In general,
trabecular bone stiffness is related to the relative density by a linear or power law
relationship (Gibson, 1985; Keaveny and Hays, 1993b). Variations in trabecular bone
relative density account for approximately 75 - 85% of the variation in trabecular bone
modulus (Mosekilde, 1993; Goulet et al., 1994).
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A number of studies have been performed to determine what factors other than
relative density affect bone modulus. These factors, collectively termed bone quality
(Heaney, 1993; Schnitzler, 1993), include bone architecture, amount of microdamage,
effect of local damage, amount of bone mineralization, and the structural organization of
mineral and collagen within the bone matrix (Martin, 1991). Bone quality is of particular
interest in the elderly, where multiple factors that reduce stiffness may be present, and
their combined influence and interactions may reduce bone strength to below that
required to prevent fractures during daily activities. For example, microdamage has been
shown to accumulate more rapidly in patients with low bone density (Mori et al., 1997).
The major secondary contributor to trabecular bone modulus is bone architecture,
or the distribution of bone material in the trabecular structure. Studies of bone
architecture have used histomorphometry, micro-computed tomography, and micro-MRI
to investigate the effects of connectivity, trabecular number, trabecular thickness,
trabecular separation, and fabric on mechanical properties (Turner et al., 1990; Goldstein
et al., 1993; Recker, 1993; van Rietbergen et al., 1996; Kinney and Ladd, 1998). Finite
element models have shown that increases in trabecular thickness variations can have
large effects on the bulk modulus (Yeh and Keaveny, 1999).
Recently, micro-finite element models have been developed based on computer
reconstructions of trabecular bone specimens, and the effects of architecture on
mechanical properties were studied for individual structures (Mueller and Ruegsegger,
1995; van Rietbergen et al., 1995; Ladd et al., 1998; van Rietbergen et al., 1998a; van
Rietbergen et al., 1998b). As well, micro-finite element models can be modified to
determine the effects of changes in density and architecture on a specific trabecular bone
structure (Mueller and Ruegsegger, 1996).
Other factors shown to affect the mechanical properties of bone include amount of
mineralization (Hvid et al., 1985; Martin, 1991; Martin and Boardman, 1993; Landis,
1995), the collagen-hydroxyapatite interface in the bone material (Mammone and
Hudson, 1993), collagen structure (Dunn et al., 1995) and organization (Martin et al.,
1996a), and the presence of microdamage (Fazzalari et al., 1998b). Changes in the hard
tissue tensile yield strain have been shown to affect the proportion of bone that fails in
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tension and in compression in trabecular bone, which can change the overall failure mode
of trabecular bone (Nieber et al., 2000).
1.3.3 Mechanical Properties of Trabecular Bone
Considerable work has been done to characterize the mechanical behavior of
trabecular bone. Young's modulus, yield strength, yield strain, and ultimate strength
have been measured for trabecular bone specimens in tension, compression, shear, and
torsional loading situations. The mechanical behavior of trabecular bone damaged in an
overload has also been characterized. Creep and fatigue studies have characterized the
time-dependent properties of trabecular bone. Animal models, specimen geometries, and
loading protocols vary considerably, making it difficult to directly compare results
(Keaveny et al., 1993b).
1.3.3.1 Elastic and Plastic Behavior
A number of studies have been performed to characterize the modulus of
trabecular bone (Linde et al., 1992; Keaveny et al., 1993a, 1993b, 1994c; Ding et al.,
1997). Trabecular bone modulus was strongly related to apparent density (E = 613p'44
across a number of anatomic locations and species and over a range of moduli, (Keaveny
and Hayes, 1993b; Rice et al., 1988)). There is a weak power law relationship between
both bone stiffness and loading strain rate and bone strength and loading strain rate, with
an exponent of approximately 0.05 - 0.07 in both cases (Carter and Hayes, 1977c; Linde
et al., 1991).
Analytic (Gibson, 1985) and finite element models (Beaupr6 and Hayes, 1985;
Kasra and Grynpas, 1998) have been used to predict stiffness behavior based on relative
density. Recently, micro-finite element models based on reconstructions of actual
specimens have been developed to predict stiffness (Mueller and Ruegsegger, 1995; van
Rietbergen et al., 1995, 1996; Ladd et al., 1998).
The yield behavior of trabecular bone from different species and anatomic
locations was measured in a number of studies (Turner, 1989; Keaveny et al., 1993c,
1994c; Kopperdahl and Keaveny, 1998). Failure strains were both isotropic (Chang et
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al., 1999) and independent of density in the bovine proximal tibia (Ford and Keaveny,
1996) and weakly correlated with density in the bovine proximal femur (Turner, 1989),
but failure stress was linearly related to apparent density in both cases. Later studies in
human bone found no relationship between tensile yield strain and apparent density but
found that compressive yield strain was linearly related to apparent density (Kopperdahl
and Keaveny, 1998). The yield strain can be considered independent of density at a
given anatomic site (Morgan and Keaveny. 2001).
Bone that has been loaded beyond the yield point shows reductions in modulus
and strength in subsequent loading cycles (Keaveny et al., 1994d, 1999). They found a
strong inverse correlation between modulus reduction and damaging strain level and a
linear relationship between strength reduction and damaging strain level. In this case, the
reloading modulus is approximately equal to the secant modulus and can be used as an
estimate for the reloading modulus.
Considerable local strain inhomogeneity has been measured during compression
tests, and local strains can be difficult to predict (Odgaard et al., 1989; Guo et al., 1995;
Bay et al., 1997). Two new methods to predict local loading include homogenization
theory (Hollister et al., 1991, 1994) and micro-finite element models (van Rietbergen et
al., 1995).
Specimen geometry can affect the measured mechanical properties of trabecular
bone. End effects (caused by unsupported trabeculae at the cut ends of the specimen),
which tend to underestimate modulus measurements, have also been observed (Odgaard
and Linde, 1991; Keaveny et al., 1993a, 1997). Specimen size effects have also been
observed in trabecular bone specimens; the stiffness is nearly linearly related to the
length of the specimen and positively correlated to the specimen cross-sectional area
(Linde et al., 1992). Stiffness also increased when specimens were side-constrained
(Linde and Hvid, 1989).
1.3.3.2 Fatigue
Time-dependent loading, specifically fatigue, was studied to determine the effect
of repetitive motions of daily living on the skeleton. Physiologic fatigue loading on
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bones consists of a static compressive component representing the weight of the body,
and a varying component consisting of the dynamic loads placed on the bones during
movement.
The fatigue behavior of bone has been characterized in bovine cortical bone
(Carter and Hayes, 1976, 1977a, b; Schaffler et al., 1989, 1990; Zioupos et al., 1996b),
bovine trabecular bone (Guo, 1993; Michel et al., 1993; Guo et al., 1994; Cheng, 1995),
human cortical bone (Pattin et al., 1996; Zioupos et al., 1996a), and human trabecular
bone (Haddock et al., 2000). In the case of trabecular bone, the specimens were loaded
to loads normalized by modulus, rather than by load alone, since bone strength is related
to modulus. Dividing by modulus, which is also related to density by a similar
relationship, removes much of the density component from the fatigue results. During
most in vitro tests, fatigue of bone causes a progressive loss of stiffness with increasing
cycles, with a dramatic drop in stiffness immediately prior to failure. However, bone
specimens fatigued at physiologic levels displayed an initial stiffness ioss, after which the
modulus remained stable for the remainder of loading (Schaffler et al., 1990). Zioupos et
al. (1995, 1996a) found that the damage parameter (I - E/Eo) was linearly related to the
life fraction, N/Nf, and the slope of the relationship increased with increasing specimen
stress. Initial studies have shown that the behavior of bone tested in multi-level fatigue
depends on both the magnitudes of the applied stress and the order they were applied
(Zioupos and Casinos, 1998).
Taylor (1998a) examined the size effect on the fatigue behavior of bones and has
developed a stressed volume approach for comparing fatigue data from specimens with
different specimen geometries. He estimated that the fatigue strength of whole bones is
up to 2-3 times lower than that of smaller machined specimens because of the increased
probability of including a weak region in the larger stressed volume.
Guo et al. (1994) developed a finite element model for the failure of trabecul:lr
bone during fatigue loading. The model assumed that bone had a regular honeycomb
structure with pre-existing cracks. During fatigue loading, the cracks grew and
eventually reached a critical length that caused strut fracture. Local loads surrounding
the fractured strut increased, causing additional failures in regions surrounding the
previously broken trabeculae. Similar results were found when the model was extended
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to three dimensions; however, the three-dimensional models had an increased number of
cycles to failure when loaded to the same normalized stress (Vajjhalla, 1999).
The work of Carter and Caler determined that damage during cortical bone fatigue
was composed of both cycle-dependent (fatigue) and time-dependent (creep)
components, with creep damage dominating at low numbers of cycles to failure (high
stress) and fatigue damage dominating at high numbers of cycles to failure (low stress)
(Carter and Caler, 1983, 1985: Caler and Carter, 1989). This model was later further
developed by Bowman, who found that creep was a significant contributor to fatigue
damage in trabecular bone at all load levels (Bowman et al., 1998).
1.3.3.3 Creep
Bone behaves as a viscoelastic material (Fondrk et al., 1988; Deligianni et al.,
1994), due to creep of the collagen matrix (Bowman et al., 1999). The creep behavior of
bovine cortical (Rimnac et al., 1993b; Archdeacon et al., 1997), human cortical (Rimnac
et al., 1993a), and bovine trabecular bone (Bowman et al., 1994) has been characterized.
As well, the creep behavior of bovine trabecular bone has been modeled based on models
developed for metal matrix composites (Bowman, 1997). Microdamage has been
observed in specimens loaded in creep to strains above the yield strain (Pierce, 1999).
1.3.4 Microdamage
Microdamage exists in healthy human bone. It occurs as a result of overloading,
or due to the repetitive motions of the activities of daily living. It is thought that a
portion of bone remodeling, at least 30%, is targeted remodeling (Burr, 2000), meaning
that damaged bone is preferentially selected for replacement by a signaling mechanism
that is not yet completely understood. Microdamage plays a role in initiating the
signaling mechanism, but its exact role is unclear. Generally, microdamage is repaired
by the bone remodeling process and the number of in vivo microcracks is limited.
When microdamage is created faster than it is repaired, the damage accumulates,
leading to a loss of stiffness and strength. Eventually, microdamage accumulation may
lead to an overt fracture, either a stress fracture (due to excessive microdamage
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production) or a fragility fracture (due to decreased ability to repair) (Daffner and Pavlov,
1992).
Microdamage has been observed and quantified in human and animal subjects.
Naturally occurring microdamage has been studied, as has microdamage resulting during
in vivo or in vitro controlled loading. These observations of microdamage can then be
related to changes in bone strength and stiffness.
1.3.4.1 In vivo Observations - Natural History
Frost (1960) first identified microcracks in human ribs. He hypothesized that the
cracks occurred due to fatigue loading of the ribs during breathing. Later studies
confirmed the presence of microdamage in human cortical bone and observed an
exponential increase in microdamage accumulation with age (Mori et al., 1997; Fazzalari
et al., 1998b), with a greater increase in females (Schaffler et al., 1995b). The number of
trabecular microfractures, consisting of a repair callus around an area of presumed
microdamage (Frost, 1989), also increases with age in otherwise healthy subjects
(Fazzalari et al., 1987) and has been implicated in hip fractures (Freeman et al., 1974).
Vashishth et al. (2000a) characterized diffuse damage, seen as large numbers of
submicroscopic cracks, in human vertebral bone and determined that this type of damage
contributes to the microdamage content of bone.
Increased crack densities were observed in greyhounds with stress fractures,
compared to contralateral controls (Muir et al., 1999). In vivo microdamage
accumulation has also been observed in the cannon bones of thoroughbred racehorses,
who are prone to stress fractures at this anatomic site (Stover et al., 1993). However,
crack densities observed in human metatarsals at common stress fracture sites were not
significantly different from those observed at sites unlikely to sustain a fracture (Donahue
et al., 2000).
1.3.4.2 Microdamage and Remodeling
Resorption spaces, which are evidence of bone remodeling, have been observed in
association with linear microcracks in canine (Burr et al., 1985; Mori and Burr, 1993)
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and rat (Bentolila et al., 1998) models after fatigue loading. The osteocyte network may
detect cracks and signal for repair, and changes in osteocyte integrity have been noticed
in association with fatigue damage and microdamage accumulation (Mori et al., 1997;
Verborgt et al., 2000). Osteocyte lacunar density decreases with age (Vashishth et al.,
2000b), suggesting that the increases in microdamage with age are associated with a
decrease in microdamage detection by the osteocyte network.
The bisphosphonate class of drugs has been used to treat osteoporosis by
inhibiting bone remodeling. Specifically, bisphosphonate use suppresses the targeted
portion of bone remodeling (Li et al., 2001). Recent models predict an increase in
microdamage with long term suppression of bone remodeling (Martin et al., 2000).
Bisphosphonates have been shown to increase microdamage accumulation in some
studies (Forwood et al., 2000a, 2000b; Hirano et al., 2000; Mashiba et al., 2000)
although not in others (Forwood et al., 1995). Mechanical property reductions are also
associated with high doses of bisphosphonates, but this may be due to poor
mineralization in bisphosphonate-treated bones rather than microdamage accumulation
(Hirano et al., 2000; Mashiba et al., 2000).
1.3.4.3 Microdamage and Mechanical Testing
Much of what is known about microdamage has been determined from
mechanical testing, where microdamage accumulation is created under known loading
conditions. In vivo loading of bone results in an increase in microdamage accumulation
and indicates that a relationship between microdamage accumulation and bone
remodeling exsits (Mori and Burr, 1993; Burr and Hooser, 1995; Bentolila et al., 1998).
Zioupos and Currey (1994) noted increased microcracking in regions of high strain,
particularly surrounding machined stress concentrators. Wachtel and Keaveny (1997)
observed microdamage in bovine trabecular bone after post-yield loading. Pierce (1999)
showed that microdamage was created in bovine trabecular bone during compressive
creep loading to strains beyond yield. The amount of microdamage decreases with
decreasing strain rate, but fatigue loading at physiological strain rates has been shown to
create microdamage (Schaffler et al., 1989).
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Microdamage has been observed in bone as diffuse damage, single cracks, regions
of cross-hatched cracks, or complete fractures. Diffuse damage has been observed
surrounding microcracks in cortical bone loaded in vitro, corresponding to small cracks
in the damage process zone surrounding macrocracks in toughened materials (Schaffler et
al., 1994). Cracks in cortical bone specimens have been observed in two and three
dimensions, and were found to be elliptical in shape, with an aspect ratio of
approximately 4.5:1 (Taylor and Lee, 1998; O'Brien et al., 2000). Microcracks
frequently terminate at osteocyte lacunae (Reilly, 2000), suggesting that the lacunae may
serve as stress concentrators, crack arrestors, or both. The type of microdamage has been
related to the loading mode (diffuse damage in tensile loading, linear microcracks in
compression) for cortical bone (Boyce et al., 1998; Reilly and Currey, 1999), but we
know of no experiments that independently measure local stress state and microdamage
in trabecular bone.
1.3.4.4 Microdamage and Mechanical Properties
A number of studies have been performed to relate microdamage accumulation to
changes in bone mechanical properties, including stiffness and strain levels.
Microdamage has been shown to increase significantly when the bone is loaded past its
yield point (Zioupos et al., 1994; Wachtel and Keaveny, 1997; Reilly and Currey, 1999).
Microdamage also increases during loading to increasing compressive strain levels
(Wachtel and Keaveny, 1997) or increasing torsional deformation (Forwood and Parker,
1989). Decreased stiffness and strength have been associated with microdamage
accumulation during fatigue (Schaffler et al., 1989, 1990; Hoshaw et al., 1997; Bentolila
et al., 1998). However, several studies have noted that significant amounts of
microdamage accumulation are not seen until modulus reductions of more than 15 - 30%
were observed (Schaffler et al., 1996; Burr et al., 1998).
Recently, several studies have quantified the relationship between mechanical
properties and microdamage accumulation. Stiffness loss in whole canine femurs tested
in bending fatigue was found to be approximately linearly related to the damaged area
fraction, but the relationship between crack numerical density and stiffness loss was
approximately quadratic (Burr et al., 1998). A positive correlation was seen between
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damage and secant stiffness reduction (R2 = 0.22) in human cortical bone tested in torsior.
(Jepson et al., 1999). Studies of human vertebral bone found in vivo microdamage to be
a reasonable predictor of strength (linear regression, R2 = 0.26, p < 0.0005; nonlinear,
R2 = 0.40) (Burr et al., 1997).
1.3.4.5 Modeling of Microdamage
Mathematical models of microdamage have been developed to explain how
microdamage relates to mechanical testing observations. Zioupos et al. (1995) found that
the Tsai-Wu failure criteria predicted the pattern of cracking near stress concentrators
(holes) in loaded bovine bone specimens. Yeh and Keaveny (2000) developed a finite
element model that determined that microdamage (strut thinning) affects modulus
reductions more than microfractures (strut removal) in trabecular bone, possibly because
relatively few microfractures were seen. Taylor (1998b) has developed a model that
predicts microcrack growth in cortical bone based on measured changes in stiffness
during fatigue testing.
1.3.5 Staining of Microdamage
Microdamage is observed by bulk staining a specimen after microdamage has
been created, then sectioning the bone into thin slices and observing microdamage
histologically in the two-dimensional planes. Without staining, cracks are very difficult
to visualize, and there is no way to differentiate between cracks created during testing
and artifactual cracks created during the slide preparation process. Trabecular bone must
be embedded in poly(methyl methacrylate) or another embedding agent prior to
sectioning to maintain the three-dimensional structure of the bone in the sections.
1.3.5.1 Basic Fuchsin
The "gold standard" method used to label microdamage in bone is brightfield
examiniations of thin sections that have been bulk stained with basic fuchsin. The
method was developed by Frost (1960) then later validated and modified (Burr and
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Stafford, 1990; Burr and Hooser, 1995). Basic fuchsin diffuses into cracks, lacunae, and
other spaces in bone, which then appear red under visible light. Cracks created during
slide preparation are unstained and can be differentiated from experimentally created
cracks.
Recent work has investigated fluorescence microscopy of basic fuchsin-stained
specimens. Lee et al. (1998) found no significant differences between brightfield and
fluorescent observations, but Huja et al. (1999) found a significant increase in
microdamage detected using the fluorescent technique when compared to the brightfield
technique.
1.3.5.2 Chelating Fluorochromes
Several fluorochromes have been developed for staining in bones, including
oxytetracycline (yellow) (Frost et al., 1961), calcein blue (Rahn and Perren, 1970),
calcein (green), alizarin complexone (red) (Rahn and Perren, 1972), and xylenol orange
(Rahn and Perren, 1971). Chelating fluorochromes emit different wavelengths when
exposed to fluorescent light, appearing as different colors. The fluorochromes are site-
specific; that is, they bind directly to exposed calcium. Two or more stains can be used
sequentially to differentiate between damage created at different time points. For
example, specimens can be stained before and after mechanical testing to distinguish
between damage created before testing (damage that was present in the animal and
damage created during specimen preparation) and damage created during testing.
Chelating fluorochromes have been used in vivo to measure bone deposition and
resorption as single stains (Frost et al., 1961; Frost, 1963, 1969) and as multiple stain
sequences (Suzuki and Mathews, 1966; Oleru,' and Lorenzi, 1970; Aaron et al., 1984).
Chelating fluorochromes have also been used to label microdamage in vivo in racehorses
(Stover et al., 1993).
Recently, chelating fluorochromes have also been used to label microdamage in in
vitro specimens (Vashishth et al., 1994; Lee et al., 2000). Several stains can also be used
in sequence during fatigue loading to monitor crack growth during a fatigue test (Lee,
1997; O'Brien, 2001).
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1.3.6 Cellular Solids
A cellular solid refers to any porous material, including many natural materials
such as trabecular bone (Gibson and Ashby, 1997). As well, cellular solids have been
developed for structural use as cement, polymer, and metal foams. These foams have
applications as cores in structural sandwich panels and as lightweight structures. Cellular
solid theories have been used to show the dependence of mechanical properties of
cellular materials, including trabecular bone, on relative density, P*/Ps, and cell geometry.
Experimental tests have shown that the mechanical behavior of closed-cell foams is more
closely predicted by open-cell foam models, indicating that there are microstructural
defects in the cell walls that compromise the strength of the foam (McCullough et al.,
1999b; Olurin et al., 1999).
The progression of damage during compression in aluminum foams has been
characterized, including the formation of a damage band (Bart-Smith et al., 1998;
Sugimura et al., 1998; McCullough et al.,; Bastawros et al., 2000). Size effects were
examined and revealed that a minimum specimen dimension of approximately nine cells
are needed to minimize size effects in experimental tests (Zhu et al., 1994; Andrews et
al., 2001; Onck et al., 2001).
Finite element models have been developed to predict the behavior of cellular
materials. Early models used a two-dimensional honeycomb representation of a cellular
solid. Later models used two-dimensional (Silva and Gibson, 1997a) and three-
dimensional (Vajjhalla, 1999) semi-random Voronoi structures to better represent the
irregular structure of some cellular solids.
The cellular solid model has been applied to the mechanical behavior of
trabecular bone (Gibson, 1985). Initial finite element models used a two-dimensional
honeycomb to represent trabecular bone structure (Guo et al., 1994); more recent models
have used two-dimensional (Silva and Gibson, 1997b; Schaffner et al., 2000) and three-
dimensional (Vajjhala et al., 2000) semi-random Voronoi structures that more closely
represent the structure of trabecular bone. These models determined that density lost by
removing trabecular struts has a greater effect on stiffness than similar density reductions
caused by thinning the trabeculae in the structure (Silva and Gibson, 1997b; Vajjhala et
al., 2000). The effects of fatigue crack growth on the stiffness behavior of trabecular
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bone have been modeled in two-dimensional (Guo et al., 1994) and three-dimensional
(Vajjhalla, 1999; Makiyama and Gibson, unpublished data) finite element models.
1.4 Outline of Thesis
This work studied the accumulation of microdamage in experimental specimens
of bovine trabecular bone tested in compression and related the observed microdamage to
measures of damage, such as modulus reduction, maximum strain, and residual (plastic)
strain. A cellular solid model was developed to predict modulus reductions in
mechanically tested specimens based on microdamage observations. The experiments
and modeling were done for two clinically relevant loading conditions: monotonic
compression and compressive fatigue. Finally, we compared microdamage accumulation
in bones tested in different loading modes.
The first section of this work, Chapter 2, provides an overview of the staining
procedure and discusses experiments to determine acceptable stain concentrations and
stain sequences for bovine bone. The next two chapters describe the experimental
(Chapter 3) and analytical (Chapter 4) work based on microdamage accumulation during
a single compression cycle to various strains. The progression of microdamage
accumulation from zero load to fracture occurred in a series of steps that were consistent
between specimens. Microdamage increased with increasing specimen strain and with
increasing modulus reduction. The cellular solid model predicted the modulus loss based
on observations of microdamage in histologic sections.
The second part of the thesis describes a series of experiments to determine the
effect of fatigue loading on microdamage accumulation (Chapter 5). The model
developed in Chapter 4 to predict modulus reductions based on observed microdamage
was applied to fatigue data. Microdamage increased with increasing normalized stress in
specimens tested to a constant number of cycles, and with increasing number of cycles in
specimens tested to a constant normalized stress level. As with the tests using a single
compression cycle, microdamage increased with increasing strain and with increasing
modulus loss. There was considerably more scatter in the model predictions for fatigue-
tested specimens than for monotonic compression-tested specimens.
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The final section of the thesis discusses the results of the previous sections.
Chapter 6 compares microdamage accumulation for different types of loading, including
monotonic compression, compressive fatigue, and preliminary results for compressive
creep (Pierce, 1999). Chapter 7 presents overall conclusions for this work and discusses
future directions.
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Chapter 2: Stain Concentration and Stain Optimization
Abstract
Microdamage, in the form of microcracks, occurs in cortical and trabecular bone
during day-to-day activities. Recently, a new method of labeling microdamage in bone
using chelating fluorochromes has been developed that allows damage created at
different time points to be identified. Five fluorochrome stains were used: alizarin
complexone (red), xylenol orange, oxytetracycline (yellow), calcein (green), and calcein
blue. We asked the question: what concentrations and sequences of fluorochrome stains
are acceptable for labeling and visualizing microcracks? To determine acceptable
concentrations, cortical bone beams were damaged and stained in one of three stain
concentrations. To test stain sequence, cortical bone beams were damaged, stained in one
stain, damaged again, and stained with a second stain. Observations of cracks stained
with different concentrations of fluorochromes were classified as understained,
adequately stained, or overstained. Microcracks in sequentially stained specimens were
observed to ensure that the two colors were distinguishable and to ensure that the second
stain did not displace the first one. The optimal stain concentrations were: alizarin
complexone (red), 0.03%; calcein blue, 0.03%; calcein (green), 0.01%; oxytetracycline
(yellow), 0.03%; and xylenol (orange), 0.09%. Sequential staining was able to distinguish
crack growth using eight of the twenty possible two-stain sequences, the best of which
was alizarin complexone (red)/calcein (green).
2.1 Introduction
Microdamage, in the form of microcracks, occurs in both cortical and trabecular
bone during day-to-day activities (Schaffler et al., 1995a; Mori et al., 1997).
Microdamage was first examined histologically using the basic fuchsin bulk staining
technique to separate microdamage created in vivo from any damage that occurred during
the slide preparation process (Frost, 1960; Burr and Stafford, 1990; Burr and Hooser,
1995).
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Recently, a new method of labeling microdamage in bone using chelating
fluorochromes, developed by Lee (1997), has been shown to be as effective as basic
fuchsin staining. Lee examined microcrack number, length and density of human ribs
stained with 1.0% solutions of basic fuchsin and five chelating fluorochromes (Table
2.1). He found that the five chelating fluorochrome stains were as effective as basic
fuchsin in detecting microcracks in human ribs. The fluorochrome molecules attach
directly to exposed calcium; therefore, contrasting fluorochromes can be used to
distinguish features stained at different times (Suzuki and Mathews, 1966; Aaron et al.,
1984). For example, a fluorochrome of one color can be used to stain pre-existing
damage before mechanical testing and a second fluorochrome of a different color can be
used after testing, to stain damage created during the test (Lee et al., 2000). Several
fluorochromes of different colors can be used in sequence to monitor crack growth during
a test.
Five fluorochrome stains have been used in bone: alizarin complexone (red),
xylenol orange, oxytetracycline (yellow), calcein (green), and calcein blue (Rahn, 1977;
Lee, 1997). In this study we asked the question: what concentrations and sequences of
these five chelating fluorochromes are acceptable for labeling microcracks in bovine
cortical bone?
2.2 Materials and Methods
All stain optimization specimens were made from bovine cortical bone taken from
the diaphysis of the tibia (Bertolino Beef Co., South Boston MA). Cortical bone was
chosen rather than trabecular bone because thin sections of cortical bone can be mounted
directly on microscope slides (Frost, 1958) and do not require an embedding step. The
diaphysis of the tibia was sectioned radially into eighths on a band saw (I HP #C.92 H.
Food Machinery of America, Buffalo NY) and then cut into beams with nominal
dimensions of 5 mm x 5 mm x 25 mm on a diamond saw (Extec Labcut 1010, L. B.
Bennett Ltd., Leicaster UK) under continuous irrigation with water. One specimen was
used for each concentration of stain used in the evaluation procedure.
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Prior to staining, specimens were damaged by hitting them with a hammer at the
ends of the beams. This causes cracking and splintering without fracture. Parameters
that affect the quality of the staining include stain concentration, staining time,
temperature, and pressure. All tests were done at a constant time of four hours, at room
temperature and at atmospheric pressure. We used three concentrations of each stain,
differing by a factor of 10. The highest level was comparable to the concentrations used
by Lee (1997). Because different fluorochromes have different affinities for calcium,
solutions of different fluorochromes at the same concentration will stain microcracks to
different intensities. Rahn (1977) compared five fluorochrome stains and determined in
vivo dosages (in mg/kg) that stained to equal intensities. We have applied the relative
ratios developed by Rahn but used concentrations similar to those developed by Lee
(1997) for the aqueous concentrations used for in vitro staining in this work (Table 2.1).
The concentrations used in this study were: calcein blue, alizarin complexone and
oxytetracycline (0.3, 0.03, 0.003%); xylenol orange (0.9, 0.09, 0.009%) and calcein (0.1,
0.01, 0.001%).
Fluorochrome Excitation Emission Color Highest
Wavelength Wavelength Concentration
(nm) (nm) This Study (%)
Calcein blue 375 435 blue 0.30
Xylenol Orange 377 615 orange 0.90
Calcein 495 540 green 0.10
Alizarin complexone 580 625 red 0.30
Ox tetracycline 390 520 yellow 0.30
Table 2.1: Excitation and emission maxima of chelating fluorochromes (Rahn, 1977;
Lee, 1997)
The same type of bovine cortical bone specimens was used to determine the
optimal dye sequence. Specimens were cut to nominal dimensions, damaged, stained in
one fluorochrome stain for two hours, then damaged again and stained with a second
fluorochrome for a further two hours. All two-stain combinations of the five
fluorochromes were tested.
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Slide preparation was performed using the method developed by Frost (1958).
Specimens were cut into thin sections (-250 m thick) on a diamond saw and then hand
ground to approximately 50 gm thick using fine silicon carbide grinding paper (Buehler,
Lake Bluff IL). Specimens were kept wet during all steps of specimen preparation. A
few initial sections were polished without rinsing the grinding paper between sections.
Dye contamination was then seen as long, faint streaks of consistent width across the
surface of the specimen. Dye contamination could be distinguished from the diffuse
staining associated with microcracks as the latter tended to be local and have variations in
width. Washing the grinding paper with soapy water and thoroughly rinsing between
sections eliminated the problem.
After slide preparation, the thin sections were washed with soapy water and air-
dried. The dried specimens were mounted on glass slides with Eukitt's mounting
medium (O. Kindler. Germany) and covered with glass cover slips. In general, 3 or 4
sections were examined for each stain concentration, but, in a small number of cases, as
few as 2 or as many as 6 sections were examined.
All specimens were observed under ultraviolet epifluorescence with a wavelength
of 365 nm. Using this high-energy illumination allowed all five fluorochromes to be
excited at the same time. Images of damaged bone were captured using a CCD camera
(HRT060-CMT and DEI-750, Optronics Engineering, Goleta CA) attached directly to a
computer (Dell Optiplex GXMT 5166, Dell Computer Corp., Austin TX) using an image
capture program (Snappy Software 1.0, Play Incorporated, Rancho Cordova CA).
Several criteria were used to evaluate the effectiveness of the concentration and
sequence of the stains. In understained specimens the cracks were not clearly visible,
while in overstained specimens, diffuse staining was seen in the bone surrounding the
crack, blurring the extent of the crack. Microcracks in sequentially stained specimens
were observed to ensure that the two colors were distinguishable under epifluorescence
and to ensure that the second stain did not displace the first one. making it difficult to
identify which loading created the crack.
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2.3 Results
Observations of cracks stained with different concentrations of fluorochromes
were classified as understained (typical example, shown with oxytetracycline, Figure
2.1), adequately stained (Figure 2.2), or overstained (Figure 2.3). The pattern for all five
stains was similar: the lowest concentration labeled cracks, but stains were sometimes too
faint to be easily distinguished under fluorescence. The middle concentration labeled
cracks well, with occasional slight diffuse staining into surrounding bone. The highest
concentration used (ranging from 0.1% to 0.9%) consistently produced diffusely stained
areas surrounding a crack in the bone, blurring the extent of the crack (Table 2.2) and
occasionally obscuring all underlying features (Figure 2.4). Regions of bone with more
damage tended to have more diffuse staining surrounding the cracks than regions with a
single microcrack. Several sections had parallel scratches across the surface consistent
with sandpaper scratches. It is assumed that these specimens were not polished
sufficiently. Otherwise, staining observations were consistent for sections from the same
specimen.
Stain Low Concentration Middle High
Concentration Concentration
Calcein Blue Good contrast/ Some Diffuse Diffuse Staining
Some Faint Cracks Staining*
Xylenol Orange No cracks seen Good Contrast/ Diffuse Staining
Some Diffuse Staining
Calcein No cracks seen Good contrast Some bleeding
Alizarin Less Bleeding Some Diffuse Diffuse staining
Complexone Staining*
Oxytetracycline Good contrast/ Good Contrast/ Diffuse staining
Some Faint Cracks Some Diffuse Staining
*Diffuse staining only seen in regions of heavy damage
Table 2.2: Concentration results for five chelating fluorochromes.
Sequential staining was able to distinguish crack growth using eight of the twenty
possible two-stain combinations (Table 2.3). For example, distinct crack growth was
observed using alizarin complexone (red) followed by calcein (green) (Figure 2.5).
53
Stain Sequence Colors
Alizarin Complexone/Calcein* red/green
Alizarin Complexone/Calcein Blue red/blue
Alizarin Complexone/Oxytetracycline red/yellow
Xylenol Orange/Calcein orange/green
Oxytetracycline/Xylenol Orange yellow/orange
Calcein Blue/Calcein** blue/green
Calcein Blue/Xylenol Orange** blue/orange
Xylenol Orange/Calcein Blue** orange/blue
* best sequence
** poor sequence
Table 2.3: Acceptable two-stain sequences of chelating fluorochromes.
Crack growth could not be observed using the other twelve two-stain sequences for two
reasons. Stains that fluoresce at similar colors cannot be distinguished from one another:
this occurs with oxytetracycline (greenish yellow) and calcein (green) (Figure 2.6) and
with alizarin complexone (red) and xylenol orange. A fluorochrome with a high affinity
for calcium may displace a previously deposited stain with a lower affinity: in particular,
alizarin complexone (red) has the highest affinity for calcium and will displace all other
stains. For example, the sample in Figure 2.7 was stained first with calcein blue,
damaged, and then stained with alizarin complexone (red). All initially exposed surfaces,
including any cut edges of the specimen, should be stained blue, while crack growth from
the imposed damage should be stained red. However, the edges of the bone have been
stained red, indicating that the calcein blue has been displaced.
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2.4 Discussion
Acceptable concentrations and two-stain sequences of fluorochromes to label
microcracks in bone were found. The optimal concentrations for each stain were found
to be: alizarin complexone (red), 0.03%; calcein blue, 0.03%; calcein (green), 0.01%;
oxytetracycline (yellow), 0.03%; and xylenol orange (0.09%). The optimal sequence of
stains was found to be alizarin cornplexone (red)/calcein (green). This accords well with
ion chromatography studies of binding strengths of the chelating fluorochromes (O'Brien
et al., 1999a; O'Brien et al., 1999b).
We report areas of diffusely stained damage surrounding cracks in sections with
high concentrations of stain. These areas may represent bleeding of excess stain into the
surrounding bone or they may represent diffuse damage at a finer scale (Zioupos et al.,
1994, 1995; Schaffler et al., 1995b; Fazzalari et al., 1998a; Fazzalari et al., 1998b;
Vashishth et al., 2000a). In either case, high concentrations of stain causes regions with
large amounts of damage to be completely obscured, preventing identllication of
microcracks that may be present (Figure 2.4).
Future applications of sequential staining include monitoring crack growth during
fatigue testing, using sequences of more than two stains (Lee et al., 2000; O'Brien, 2001).
The two-stain sequences were extrapolated into potential three-, four-, and five-stain
sequences using the criterion used to identify two-stain sequences: (1) adjacent stains
must fluoresce in contrasting colors and (2) later stairs must not displace previously
deposited stains (Table 2.4); this preliminary list should be tested directly. Our results
differ from the stain order suggested by Rahn (1977) (as ordered in Table 2.1) and used
by Lee et al. (2000). There is also evidence that some stains can alter the appearance of
previously deposited stains. For example, alizarin complexone followed by xylenol
orange cannot be distinguished; however, following xylenol orange with calcein changed
the color of the xylenol to a different shade of orange that could be distinguished from
alizarin (O'Brien et al., 1999a).
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Table 2.4: Potentially acceptable three, four, and five stain sequences of chelating
fluorochromes.
During fatigue testing, crack surfaces may come into contact with each other as
the load is cycled. If this occurs, shear forces on the crack surface may remove a
previously attached fluorochrome which can then reattach elsewhere, labeling a crack as
pre-existing damage when it is really damage created during testing. As well, a new
fluorochrome may attach where the first one was removed and label the pre-existing
damage site as damage created during testing. This issue needs to be investigated further
before using this technique to characterize crack growth during compressive fatigue
testing.
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Number Stains Colors
of Stains
3 Alizarin Complexone/Oxytetracycline/ red/yellow/orange
Xylenol Orange
3 Oxytetracycline/Xylenol Orange/Calcein yellow/orange/green
3 Oxytetracycline/Xylenol Orange/Calcein yellow/orange/blue
Blue
3 Calcein Blue/Oxytetracycline/ blue/yellow/orange
Xylenol Orange
3 Alizarin Complexone/Calcein Blue/Calcein red/blue/green
4 Alizarin Complexcne/ Oxytetracycline/ red/yellow/orange/green
Xylenol Orange/Calcein
4 Alizarin Complexone/ Oxytetracycline/ red/yellow/orange/blue
Xylenol Orange/Calcein Blue
4 Alizarin Complexone/Calcein Blue/ red/blue/orange/green
Xylenol Orange/Calcein
5 Alizarin Complexone/ Oxytetracycline/ red/yellow/orange/blue/green
Xylenol Orange/Calcein Blue/Calcein
Chapter 3: Microdamage Accumulation in Bovine Trabecular Bone in
Compression
Abstract
In this study we investigated how microdamage accumulated with increasing
compressive strain in bovine trabecular bone. Microdamage increased with increasing
compressive strain on the specimen and with decreasing secant modulus. We found that
little damage was created in the linear elastic region, up to -0.4% strain. At an average
strain of about -0.7% + 0.2%, the stress-strain curve became non-linear and peaked at
about -1.85% + 0.56% strain. Microdamage increased rapidly during this stage, and a
localized band of damage formed. At higher strains, the damaged band widened and the
density of damage within the band increased. The data obtained in this study was used in
the following chapter to develop a model relating the microdamage parameters to the
associated modulus loss.
3.1 Introduction
Microdamage, in the form of microcracks, occurs in both cortical and trabecular
bone in vivo during day-to-day activities (Frost, 1960; Forwood and Parker, 1989;
Schaffler et al., 1989; Schaffler et al., 1995b; Martin et al., 1996b; Wenzel et al., 1996;
Burr et al., 1997; Mori et al., 1997; Fazzalari et al., 1998a; Muir et al., 1999; Vashishth
et al., 2000a) and in vitro during overloading (Fyhrie and Schaffler, 1994; Zioupos and
Currey, 1994; Zioupos et al., 1994; Wachtel and Keaveny, 1997; Reilly and Currey,
1999). The presence of microcracks decreases the stiffness of bone, allowing the reduced
modulus to be used as a measure of the amount of damage (Keaveny et al., 1994d, 1999;
Hoshaw et al., 1997). A number of recent studies have begun to quantify the relationship
between damage and a number of mechanical properties measured during testing
(Zioupos et al., 1995; BUIT et al., 1998).
Wachtel and Keaveny (1997) loaded specimens of bovine trabecular bone in
strain control to one of three different strains. They found no significant difference
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between microdamage measures in pre-yield specimens (, = -1.0%) and control
specimens (,, = -0.4%), but found significant differences in amount of total damage
and in the numbers of individual cracks types (except transverse cracks) between pre-
yield and yielded specimens (E,, = -2.5%). Yeh and Keaveny (2000) used a finite
element model of low-density human vertebral bone to determine the bulk modulus loss
due to trabecular microdamage and microfractures during compressive strains up to
-2.0%.
Bulk specimen staining with basic fuchsin has been the method of choice to
observe microdamage (Frost, 1960; Burr and Stafford, 1990; Burr and Hooser, 1995).
Recently, a new method of labeling microdamage in bone using chelating fluorochromes
was developed that labels microdamage as effectively as basic fuchsin (Lee, 1997). This
staining method is site-specific and allows pre-existing damage to be differentiated from
that created during a test (Lee et al., 2000). In this study we used this technique to
characterize microdamage accumulation in specimens of trabecular bone compressed to
varying strains, using the optimal stain sequences determined in an earlier study (Lee et
al., 1997a). This work observed microdamage accumulation in bovine trabecular bone
during compression to various strain levels and determined how microdamage progresses
with increasing compressive strain.
In this study we asked two research questions: (1) how does microdamage
accumulate in trabecular bone under increasing strain in uniaxial compression? To
answer this question we measured several microdamage accumulation parameters in
specimens tested to various strains, and (2) is there a relationship between microdamage
accumulation parameters and changes in mechanical properties of bovine trabecular bone
tested in compression? In the chapter that follows (Chapter 4), we model the reduction in
modulus with increasing damage and compare the results with the measured modulus
reduction.
3.2 Materials and Methods
Trabecular bone specimens were damaged by monotonic uniaxial compressive
loading to varying strain levels. All tests were performed using waisted cylindrical
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specimens of trabecular bone taken from the bovine proximal tibia using the machining
protocol developed by Keaveny et al. (1994a). Details of specimen preparation can be
found in Appendix B. Specimens were excised from relatively homogeneous regions of
trabecular bone and machined so that the specimen loading axis was aligned with the axis
of the trabecular structure. The test specimens had a nominal diameter of 6 mm and a
nominal gauge length of 5 mm. This geometry was chosen to minimize specimen
heterogeneity while maintaining continuum behavior in the specimen (Keaveny et al.,
1994a). We note that edge effects in cellular materials become small (< 10%) if the
specimen size is larger than 8 times the cell size (Andrews et al., 2001; Onck et al.,
2001). Our specimen diameters were typically 8-9 cells, so edge effects should not be
significant.
Before testing, the specimen diameter within the gauge length was measured six
(6) times at different locations with digital calipers (Model 500-531, Mitutoyo Corp.,
Japan). Each specimen was loaded in an Instron servo-hydraulic testing machine (Model
1331 Instron, Canton MA with a series 3200 controller, Interlaken Technology Corp.,
Eden Prairie MN; Model 8511/8500, Instron Corp., Canton MA; Instron 1321/8500 Plus,
Instron Corp., Canton MA) under strain control to a prescribed compressive strain at a
rate of 0.5%/second (Keaveny et al., 1999), unloaded to zero strain at the same rate, and
removed from the testing machine. A miniature extensometer (Model 632-29C-30, MTS,
Eden Prairie MN) was mounted centrally in the waisted section. All tests were
performed at room temperature (22- 24°C). Specimens were kept moist with a
physiological saline drip (0.9% NaCl) throughout testing.
Load and strain data were collected for each specimen, and stress-strain plots
were created. The initial modulus, Eo, was measured from the linear portion of the
loading curve (from -0.1% to -0.4% (Keaveny et al., 1994d)), and the damaged modulus
was measured as the secant modulus, E,., (Figure 3.1a) (Jepson et al., 1999; Wilson et
al., 2000). The maximum compressive strain, £,,,, and residual strain, re,,, at zero load
were also recorded. Thirty-four specimens were tested to 9 strain levels: 4 at
L,, = 0.0%, 2 each at ,,,, = -0.4% and -0.8%, 4 at e,,a = -1.1%, 5 each at ,,m = -1.3%
and e,,,, = -2.0%, 2 at e,,, . = -2.5%, and 5 each at ,,, = -3.0% and e,,, = -4.0%.
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The testing protocol produced some residual tension in the specimen at the end of
the test (at zero strain) (Figure 3.1a). To determine if residual tension at zero strain
affected the amount of microdamage, additional specimens were tested to strains of
-2.0% and -4.0% (n = 3 for each strain). Testing was done under the same conditions as
the previous tests except that the tests were stopped when the test reached zero stress on
unloading, rather than stopping at zero strain (Figure 3.lb).
After specimen preparation but before mechanical testing all specimens were
stained 16 hours (overnight) at atmospheric pressure. The first specimens were stained in
oxytetracycline (1.0% concentration) (n = 3), but later, specimens (n = 31) were stained
with alizarin complexone (0.03% concentration) as the stain optimization study indicated
that alizarin was a preferred initial stain (Lee et al., 1997a; O'Brien, 2001; Chapter 2).
Marrow was removed from the specimens before staining to improve dye penetration into
the bone; the removal of marrow is not expected to affect the mechanical properties of
the bone at the strain rates used here (Pugh et al., 1973; Carter and Hayes, 1977c).
After mechanical testing, the waisted section of the specimen was removed by
cutting with a diamond saw (Isomet Low Speed Saw, Buehler, Lake Bluff IL) and stained
with a second fluorochrome, either xylenol orange (1.0%) (for specimens initially stained
with oxytetracycline (n = 3)) or calcein (0.01%) (for specimens initially stained with
alizarin complexone (n = 31)). Removing the waisted section allowed better stain
penetration. All specimens were supported during cutting to minimize damage created
during the cutting process. Specimens were again stained for 16 hours (overnight) at
atmospheric pressure.
After staining, the specimens were gradually dehydrated in ethanol and embedded
in transparent poly(methyl methacrylate) (PMMA) (Lee et al., 2000; Appendix A). The
embedded cores were sectioned into longitudinal slices, 100-150 .m thick, with a
diamond saw (Isomet Low Speed Saw, Buehler, Lake Bluff IL). The slices were
mounted on glass slides using Eukitt's mounting medium (Electron Microscopy Sciences,
Fort Washington PA) and glass cover slips. Thresholded greyscale images of the sections
taken with a CCD camera (Optronics Engineering DEI-750, Goleta CA) and image
capture program (Snappy 1.0, Play Incorporated, Rancho Cordova CA) were used to
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measure the total area of the sections and the area fraction of bone (ImageTool 1.25,
UTHSCSA, San Antonio TX).
Slides were observed under ultraviolet epifluorescence with an excitation
wavelength of 365 nm. The type of damage (single crack, parallel cracks, cross-hatch, or
complete fracture (Figure 3.2a-e) (Fyhrie and Schaffler, 1994; Wachtel and Keaveny,
1997; Fazzalari et al., 1998b)) and extent of damage across the trabecular thickness
(25%, 50%, 75%, or 100% of trabecular thickness) were marked on the corresponding
trabeculae on an image of the section. The cross-hatch pattern consisted of several
subtypes, including uniform cross-hatching (Figure 3.2d), where cracks form at ±45 ° and
unequal cross-hatching where a single primary crack is crossed by minor cracks in the
second direction. Some regions of cross-hatching consisted of what has been termed
"diffuse damage" (Burr et al., 1998; Fazzalari et al., 1998b; Vashishth et al., 2000a),
where the damage consisted of flame-shaped cracks. All types of cross-hatching were
classified together due to the difficulty in differentiating between the subtypes. The
length of the damage band was taken as the average of five (5) measurements of the
damage band across an image of the specimen with individual damaged trabeculae
marked (Figure 3.2e).
Images of cracked areas within individual trabeculae were captured using a CCD
camera attached directly to a personal computer. The damaged area was determined
using stereological point counting techniques with a ten-by-ten grid. A custom Matlab
(Matlab 5.0, The Math Works, Natick MA) program was developed to quantify crack
numerical density (Cr.Num./section area) and length density (Cr.Len./section area). The
program displays all images from a particular specimen sequentially. On each image, the
user traces visible microcracks with the computer mouse. The program assigns a number
to each traced crack and records the length of that crack. The cracks are assumed to be
sheet-like in three dimensions (Fazzalari et al., 1998a; Taylor and Lee, 1998). and we
assume a one-to-one correspondence between three-dimensional cracks and the cracks
visible in the two-dimensional slide. Once all of the images for a specific specimen have
been displayed, the program displays the total number of cracks, the total length of
cracks, and a frequency distribution of crack lengths. The number of cracks, the total
crack length, the number of damaged trabeculae and the damaged area were normalized
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by the total area of the image. Section area could be measured more accurately than
bone area because the projected bone area overestimated the surface bone area due to the
finite section thickness. There was no significant difference in the area fractions of bone
for the different strain levels tested (Table 3.1), so section area scaled with bone area.
Total crack number, Cr.Nunz., and total crack length, Cr.Len., normalized by
section area, were plotted against the damage parameter, defined as I - Ee,/Eo, where E,,,
is the secant modulus at the point of maximum strain and Eo is the initial modulus.
Microdamage parameters at different strain levels were compared using t-tests. The
average frequency distribution for each strain level was plotted to show microdamage
accumulation with increasing strain.
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Figure 3.1: Stress-strain curves for bovine trabecular bone in compression. (a) Specimen
unloaded to zero strain. The initial Young's modulus, E, the secant modulus, E,,,,., the
reloading modulus, Er, the unloading modulus, E,,,,,,,d, the maximum strain, ,,,, the
residual strain, r,,, and the region of residual tension (gray shading) are indicated.
(b) Specimen unloaded to zero stress.
67
__
(a) (b)
(c) (d)
(e)
Figure 3.2: Schematic of types of microdamage in trabecular bone. (a) single crack (b)
parallel cracks (c) cross-hatched cracks (equal cross-hatching) (d) complete fracture (e)
damaged band across section (average of five measurements).
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3.3 Results
Typical stress-strain curves for specimens loaded to -4.0% strain are shown in
Figure 3.1. Stress-strain curves for specimens loaded to lower strains were similar, up to
the strain at which loading was stopped. Examination of all the stress-strain curves
indicated that they became visibly non-linear at an average strain of -0.7% (SD = 0.2%).
The peak, or ultimate, stress occurs at a strain of -1.85% (SD = 0.56%). Inelastic strain
on unloading was observed all but four of the specimens loaded to -0.8% strain or higher,
but not in those loaded to -0.4% strain. Damage, 1 - Ese,,Eo, and residual strain, res,
increased with increasing maximum strain, A, (Table 3.1).
£,ax Eo (GPa) Esec (GPa) Damage res (%) Relative
(%) (1- Esec/EO) Densitya
Zero Strain Tests
0.0 N/A N/A 0.000 0.0 0.426 (0.070)
-0.4 2.38 (0.37) 2.39 (0.41) -0.004 (0.017) 0.001 (0.007) 0.414 (0.032)
-0.8 2.42 (0.54) 2.08 (0.64) 0.146 (0.076) -0.05* 0.450 (0.017)
-1.1 2.40 (1.28) 1.82 (0.98) 0.229 (0.084);.2.3 -0.148 (0.087) 0.410 (0.090)
-1.3 2.07 (0.72) 1.49 (0.41) 0.255 (0.169) '.2 -0.277 (0.104) '2 0.399 (0.040)
-2.0 2.53 (0.99) 0.95 (0.45) 0.617 (0.115)'- ' -0.514 (0.169) '2'' 0.397 (0.046)
-2.5 4.16 (2.94) 1.06 (0.16) 0.644 (0.289) -0.525 (0.177) 0.510 (0.018)
-3.0 2.85 (1.15) 0.95 (0.51) 0.681 (0.083)'- 5 -0.960 (0.181) '2 7 0.461 (0.139)
-4.0 2.89 (1.84) 0.54 (0.37) 0.812 (0.079)' s -1.468 (0.437) ' ' 4-7' 0.466 (0.171)
Zero Load Tests
-2.0 3.48 (1.23) 1.75 (0.90) 0.522 (0.112)' -0.460 (0.078)' 0.543 (0.106)
-4.0 2.16 (1.13) 0.52 (0.23) 0.754 (0.019)' -1.283 (0.202)' 0.457 (0.058)
Significantly different from (p < 0.05): 'O.0%, 2-0.4%, 3-0.8%, -1.1%, '-1.3%, "-2.0%,
-2. 5 %, 8-3.0%
* Only one residual strain was measured at -0.8% strain due to a data acquisition error,
so no statistical comparisons were made.
abone area divided by section area
Table 3.1: Mechanical properties of trabecular bone specimens tested in monotonic
compression to various strains. Numbers in parentheses represent standard deviations.
34 tests were performed to nine strain levels. Three to five sections were obtained
for characterization of damage in each specimen, and the mean section area was
301 ± 64 mm 2 per specimen. The pooled area fraction of bone in the specimens was
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0.43 + 0.10. Prior to testing (e = 0.0%), specimens have relatively little damage (Table
3.2). The damage that is present occurs on the outer surface of the machined specimen
and does not extend more than one trabecular length into the specimen (Figure 3.3).
This damage usually consists of broken trabecular struts and is assumed to occur during
specimen preparation. The damage on the outer edges is stained with the first stain,
either oxytetracycline or alizarin complexone, indicating that the damage occurred prior
to testing.
Emax Cr.Num./Area Cr.Len./Area Damaged Damaged Area Band Length
(%) (mm')a (,m/mm2)b Trabeculae/Area Fraction (mm)e
(m-2) C (mm 2/mm2)d
Zero Strain Tests
0.0 0.015 (0.014) 1.4 (1.5) 0.007 (0.006) 0.000 0.0
-0.4 0.012 (0.005) 0.9 (0.5) 0.007 (0.002) 0.000 0.0
-0.8 0.033 (0.002) 3.6 (0.3)2 0.010 (0.001) 0.0002 0.0
-1.1 0.21 (0.10)1' . 13.4 (7.8) 1'2.3 0.046 (0.014)1 ' ' 3 0.001 (0.001) 0.6 (0.6)
-1.3 1.2 (1.1) 98.9 (90.4) 0.144 (0.124)' 0.006 (0.005) 1.7 (1.5)
-2.0 2.4 (1.2)'4 179 (86)'-4 0.256 (0.100)1-4 0.010 (0.005)' -4 3.7 (1.5)' 4
-2.5 6.6 (7.2) 490 (544) 0.284 (0.161) 0.021 (0.023) 3.1 (2.2)
-3.0 8.7 (7.9) 574 (510) 0.419 (0.272)'4 0.018 (0.013) 1-4 4.0 (1.8)- 4
-4.0 13.7 (9.5) ' 5 917 (582) ' - 0.462 (0.151) ' 0.028 (0.014) "6 4.3 (1.2) "
Zero Load Tests
-2.0' 7.1 (5.8) 562 (527) 0.362 (0.233) 0.016 (0.011) 3.4 (1.3)'
-4.0 13.3 (7.7) 965 (596) 0.560 (0.120)' 0.030 (0.019) 4.9 (0.1)'
Significantly different from (p < 0.05): '0.0%, ~-0.4, -- 0.8%, -1.1%, -1.3%, 6-2.0%,
'-2.5%
atotal number of cracks in the specimen, normalized by specimen section area
btotal length of cracks in the specimen, normalized by specimen section area
Ctotal number of trabeculae containing damage in the section, normalized by specimen
section area
dtotal area of the localized regions of damage, normalized by specimen section area
'length of the section of the specimen containing damage
Table 3.2: Microdamage parameters of trabecular bone specimens tested in monotonic
compression. Numbers in parentheses are standard deviations.
Both stain sequences allowed microdamage resulting from the mechanical loading
to be identified under UV epifluorescence. Specimens stained with oxytetracycline
followed by xylenol orange showed comparable amounts of damage to specimens stained
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with alizarin complexone/calcein. Microcracks of length greater than approximately
10 ptm could be resolved. The different patterns of microstructural damage observed are
shown in Figure 3.4. Diffuse staining and single cracks occurred throughout the
damaged region. In general, parallel cracks occur at junctions between trabeculae and
often followed the curvature of the trabecula. Regions of equal cross-hatching occurred
in the middle of trabeculae aligned parallel to the loading axis. Unequal cross-hatching,
where regions of cross-hatching had one major crack surrounded by minor cracks
occurred mainly in trabeculae that were perpendicular to the loading axis. Complete
trabecular fracture was only observed in specimens with compressive strains greater than
or equal to -2.0%.
Microdamage parameters were obtained for each specimen, and average values
were obtained for each strain level (Table 3.2). All microdamage parameters showed an
increase with increasing strain and increasing damage ( - E,,,,/Eo). The distribution of
the various patterns of damage with increasing strain are shown in Figure 3.5. Regions
of cross-hatching and trabecular fracture were seen more frequently in highly strained
specimens. The number of damaged trabeculae per unit area could also be broken down
by the extent of damage across the trabecular thickness (Figure 3.6). Nearly one half of
all observed damaged trabeculae had cracks extending completely across the trabecular
thickness. Crack density levels for individual specimens ranged widely, from 0.004
cracks per unit area to 23.8 cracks per unit area.
Frequency distribution histograms (Figure 3.7a illustrates a typical example)
were created for specimens with a damage density greater than 1.0 cracks/mm 2. The
peaks of the average frequency distribution for each strain level increase with increasing
strain on the specimen (Figure 3.7b). The location of the peak of the crack length
frequency distribution remained constant at a length of approximately 40 ,m with
increasing strain, and the mean crack length of all the specimens is constant at 65.3 pm,
with little variation (slope of Cr. Len. vs. Cr.Nlil. = 65.3 + 1.3 prm, p < 0.001, R = 0.99).
The crack numerical density and the crack length density for the 31 specimens stained
with alizarin/calcein are exponentially related to the damage (I - E,,,/Eo) (numerical
density: p < 0.001, R2 = 0.85, Figure 3.8a; length density: p < 0.001, R2 = 0.84. Figure
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3.8b). Adding the 3 specimens stained with oxytetracycline/xylenol orange did not affect
the results significantly.
Composite images of individual specimens revealed that microdamage was
localized in a band (Figure 3.9). The band began to form at a strain of about -1.3% and
was distinct at the highest strain applied (,. = -4.0%). The progress of damage
accumulation within a single damage band for specimens loaded to increasing levels of
strain is further illustrated in Figure 3.10, in which individual damaged trabeculae are
indicated by a bar. The damage band begins to form at a strain of -1.3% and increases in
length and in density of damage as the strain is increased further.
Microdamage parameters in specimens stopped at zero load (n = 3) were similar
to the microdamage parameters in specimens stopped at zero strain (n = 5) for specimens
tested to -2.0% and -4.0% strain (Table 3.2). A power analysis revealed that more than
25 specimens would be needed to show statistical significance for the differences
observed.
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(a)
(b)
Figure 3.3: Examples of machining damage seen on the outer edges of specimens.
Specimens were stained in 0.03% alizarin complexone (red) before testing, and 0.01%
cdlcein (green) after testing. (a) Untested specimen. (b) Specimen loaded to e,, = -4.0%
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Figure 3.5: Breakdown of number of damaged trabeculae, normalized by section area, by
damage pattern for each strain level. The -2.5% strain level was not plotted because only
two specimens were tested to that level.
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Figure 3.8: (a) Crack number, Cr.Num., normalized by section area plotted against
damage ( - Ese/IEo). (b) Total crack length, Cr. Len., normalized by section area plotted
against damage (I - Ese/Eo).
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(d) Specimen tested to e,, = -1.1%, damage occurs locally, but does not extend across
the specimen.
. I
·
I
(e) Specimen tested to e,,~, = -1.3%, localized region of damage extends across the
specimen, forming a damage band.
(f) Specimen tested to ,,,, = -2.0%, damage band has increased in length.
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(g) Specimen tested to Emax = -4.0%, damage band is not significantly longer than in (f),
but damage density within the band has increased.
Figure 3.10: Images of section gauge lengths, with location of damaged trabeculae
marked. Images are typical for the strain level. (a) Untested specimen, little damage
present. (b) Specimen tested to e,,. = -0.4%, not significantly different from untested
specimen. (c) Specimen tested to e,,, = -0.8%, some damage seen. Damage is not
localized. (d) Specimen tested to ,,, = -1.1%, damage occurs locally, but does not
extend across the specimen. (e) Specimen tested to ma, = -1.3%, localized region of
damage extends across the specimen, forming a damage band. (f) Specimen tested to
e,,. = -2.0%, damage band has increased in length. (g) Specimen tested to E,, = -4.0%,
damage band is not significantly longer than in (f), but damage density within the band
has increased.
81
~~~ro~~~~~YII-"ls.~~~~~~~~~~.
3.4 Discussion
The observations of microstructural damage can be related to the stress-strain
behavior as follows. Prior to testing, specimens have relatively little damage. The
damage that is present is likely due to machining: broken struts on the outer surface of the
machined region and does not extend more than one trabecular length into the specimen
(Figure 3.3).
On loading, the stress-strain curves are linearly elastic up to a strain of at least
-0.5%. Accordingly, microdamage parameters in the two specimens tested to -0.4%
strain are not significantly different from untested specimens (p > 0.05 for all
microdamage parameters). The stress-strain curve becomes nonlinear when the strain
reaches about -0.5% to -0.8% (mean, -0.7% ± 0.2%). Stress continues to increase until
about -1.85% strain (SD = 0.56%), when it peaks. From -0.8% strain. through -1.1%, and
-1.3%,c. all microdamage parameters increase rapidly (Table 3.2). This level corresponds
to the yield strain of bovine trabecular bone in compression measured using the same
specimen geometry (-1.09% + 0.12%) (Keaveny et al., 1994c). For example, the crack
numerical density at a strain level of -1.3% is 1.2 ± 1.1 mm-, compared to a numerical
density of 0.033 0.002 mm '2 for specimens at a strain level of -0.8%, an increase of
nearly two orders of magnitude. The damage band also begins to form at strains of about
-1.3%. No damage bands were observed in specimens loaded to -0.8% or below. At
- 1.1% strain, all specimens show small amounts of damage confined to localized regions,
but a distinct band cannot be defined. At strain levels of -1.3%, some specimens (n = 3
of 5 total) have formed a distinct band (Figure 3.9, 3.10; Table 3.2).
At strain levels beyond about -1.5%, the stress-strain curve becomes roughly flat.
The strain peaks at about -1.85% 0.56%. As the strain increases, the damage band
widens. At strain levels of -2.0%, the average damage band length is 3.7 mm.
approaching the gauge length (5.0 mm). At higher strain levels. the damage band length
remains approximately constant and damage progresses by increasing the number of
damaged trabeculae and the area fraction of damage within the band. The mean crack
length remains constant with increasing strain, so damage accumulates by increasing the
number of cracks, not their length. For example, the crack numerical density at a strain
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level of -4.0% is 13.7 + 9.5 mm'2, an increase of an order of magnitude from specimens
at a strain level of -1.3% (1.2 + 1.1 mm'2). At high strains (at and above -2.0%),
individual trabeculae fracture.
Damage progression continues until the specimen cannot carry the applied load
and the specimen fractures. The likelihood that a specimen can carry the load required to
reach a given strain decreases with increasing strain levels. One specimen was lost
during loading to -2.0% strain, and two specimens were lost during loading to -4.0%.
Microdamage parameters could not be obtained from fractured specimens, but qualitative
observations show large amounts of damage, including a specimen with two damage
bands.
In this study, microdamage was present as large numbers of small cracks,
consistent with earlier studies (Zioupos and Currey, 1994) and supporting the notion that
it is more important to prevent crack growth than prevent crack formation. The
consistency of the mean crack length at all strain levels tested (Cr.Len. vs. Cr.Num.:
slope = 65.3 + 1.3 4tm, p < 0.001, R = 0.99) suggests that it is related to a microstructural
feature of the trabecular bone. The mean crack length is similar to the distance between
lacunae (center to center distance = 85.8 + 21.2 4tm, n = 117 from 35 specimens).
Lacunae spacing was measured by determining the mean free path through the bone
matrix (DeHoff and Rhines, 1968). We hypothesize that the lacunae serve as crack
arrestors or stress concentrators. We have observed cases of cracks intersecting lacunae;
however, these observations are near the maximum resolution of our imaging equipment.
Reilly and Currey (1999) and Reilly (2000) report increased microcracking in regions
surrounding osteocyte lacunae in equine cortical bone, consistent with the damage
expected at stress concentrations.
We observe several patterns of microdamage in the specimens. We are not aware
of literature on trabecular bone that directly relates microcrack damage patterns to local
stresses in individual trabeculae. Fyhrie and Schaffler (1994) hypothesize that cross-
hatch cracks in trabecular bone occur due to shear stresses from direct compression,
based on similar observations in cortical bone. Regions of diffuse damage have been
associated with tensile loading in cortical bone specimens (Boyce el al., 1998; Reilly and
Currey, 1999). The cortical bone literature suggests that the crack patterns observed in
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trabecular bone may result from the same loading types, but we have no means of
determining local stresses in individual trabeculae.
This study is the first to characterize microstructural damage in trabecular bone in
detail, allowing the progress of damage accumulation to be related to the applied strain.
This work extends the study of microdamage in trabecular bone to higher strain levels (up
to -4.0%) than previous studies, allowing observation of damage to near the fracture
point. The use of a specimen geometry that is well established in the literature (Bowman
et al., 1994; Keaveny et al., 1994a; Ford and Keaveny, 1996; Oden et al., 1998) allows
comparison of our results with those of other groups. We observed the same patterns of
damage and a similar increase in the amount of damage with increasing maximum strain
as that reported in other studies (Fazzalari et al., 1998a, 1998b), including that of Wachtel
and Keaveny (1997) using the same specimen geometry. IHowever, we report a lower
damage density for pre-yield specimens and a higher damage density for post-yield
specimens tested to the same strain levels.
Several damage moduli have been described and used in other studies (Figure
3.1a) (Keaveny et al., 1993b, 1994a, 1994d, 1999; van Rietbergen et al., 1995; Rho et al.,
1997; Zysset et al., 1998; Jepson ct al., 1999: Morgan et al., 2000). In this study. we used
the secant modulus, as it was the easiest to measure consistently. The secant modulus
can be taken as an upper limit of the reloading modulus, since the linear portion of the
reloading stress-strain curve approaches the secant modulus of the previous curve in
compression studies using the same specimen geometry (Keaveny et al., 1994d).
Attempts to use the reloading modulus (Keaveny et al., 1994d, 1999) were not
successful, since the specimens were in tension when unloaded to zero strain (Figure
3.1a). There is also concern that reloading could create additional microdamage. The
unloading modulus, used in nanoindentation studies (Rho et al., 1997; Zysset ct al.. 1998)
was difficult to define because the initial unloading curve (immediately after the
maximum strain) is nonlinear.
A limitation of the study is the possible introduction of additional damage due to
the residual tension on the specimen at the end of the loading curve (Figure 3.1a). This
residual tension could open cracks created during the compression portion of the loading
cycle and lengthen existing cracks. Values of the microdamage parameters in specimens
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that were never loaded in tension were not significantly different from those of specimens
tested to the same maximum strains that were exposed to residual tension. This degree of
residual tension on a specimen at zero strain does not appear to increase microdamage.
A second limitation of the study is the small number of specimens used. We used
five specimens for most high strain categories, and three specimens for the zero load
tests. Power analyses indicate that more than twenty-five specimens would be required in
each group to show statistical significance at the differences we observe. Microdamage
analysis of a large number of specimens would be prohibitive; we feel that the numbers
of specimens used adequately describe the progression of damage in bovine trabecular
bone.
This study uses bovine trabecular bone, which is denser, on average, than human
trabecular bone, especially osteoporotic human bone. Although it is difficult to
extrapolate particular results from bovine to human bone, we expect that the sequence of
events in the accumulation of damage in human trabecular bone will be similar to that in
bovine trabecular bone (Keaveny et al., 1999).
The characterization of damage during monotonic compression is obtained from
observations of a number of trabecular bone specimens compressed to various strains.
The overall description of damage accumulation is a composite of the events seen in
different specimens. Ideally, it would he desirable to observe the accumulation of
damage with increasing strain in a single trabecular bone specimen.
The data obtained in this study can he used to develop a micromechanical model
relating the microstructural damage parameters to the loss in modulus. The chapter that
follows describes such a micromechanical model to calculate (I - E,,.,IF/,) using the
microstructural damage parameters reported here. The model gives a good description of
the measured values of (I - IE,,,/E), suggesting that the observed microstructural damage
can be related to the associated modulus loss.
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Chapter 4: Modeling Microdamage in Bovine Trabecular Bone in
Compression
Abstract
Loading bone beyond its yield point creates microdamage, leading to reduction in
stiffness. Previously, we related microdamage accumulation to changes in mechanical
properties. We developed a model that predicts stiffness loss based on the presence of
microdamage. Modeling was done at three levels: (1) single trabeculae, (2) a cellular
solid consisting of intact, damaged, and fractured trabeculae, and (3) a specimen with a
localized damage band. Predictions of reduced modulus agreed well with experimental
measured modulus reductions of post-yield compression of bovine trabecular bone. The
predicted reduced modulus was relatively insensitive to changes in the input parameters,
with changes in the damage band length having the greatest effect on the predicted
modulus reduction.
4.1 Introduction
Loading bone beyond its yield point is known to cause a loss of both stiffness and
strength (Keaveny et al., 1994d, 1999). Post-yield loading also causes microdamage
(Wachtel and Keaveny, 1'97), in the form of microcracks and also as diffusely damaged
areas that cannot be resolved into individual microcracks at the resolution of the light
microscope. Recently, empirical reiationships have been developed to quantify the
relationship between mechanical property parameters and microdamage.
Burr et al. (1998) found mathematical relationships between stiffness loss and
microcrack areal density and between stiffness loss and damaged area density in cortical
bone, suggesting that similar correlations may also exist in trabecular bone. Wachtcl and
Keaveny (1997) showed an increase in the number of damaged trabecular struts with
increasing strain in a single compression cycle in bovine tibial trabecular bone. Yeh and
Keaveny (2000) have used finite element modeling to estimate the number of damaged
trabeculac and the number of fractured trabeculae in a cube of human vertebral trabecular
bone compressed to strains up to 2.0%. They used strain-based yield and fracture criteria
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to model damage and fracture in the trabeculae. Microdamage and microfractures were
modeled separately. The model predicted that microdamage led to greater reductions in
modulus than microfractures. The microdamage model overpredicted the measured
modulus reduction at small strains (< 1%), but gave a reasonable estimate of the
measured modulus reductions at higher strains; however, the microfracture model
underpredicted the measured modulus reductions at all strains.
Modulus reduction due to fatigue or resorption of trabeculae has been modeled in
several studies. Using finite element simulations, Guo et al. (1992) and Schaffner et al.
(2000) modeled crack growth during fatigue of two-dimensional honeycombs
representing trabecular bone. The Young's modulus of a single trabecula was considered
to remain constant during crack growth. When the crack reached a critical length, it was
assumed to propagate, fracturing the trabecula. The broken trabecula was eliminated
from the model and the modulus recalculated. This process was repeated the modulus
was reduced by 10%. The effect of resorption of trabeculae on modulus has been
modeled by Silva and Gibson (1997a,. b) and Vajjhalla et al. (2000). These studies
analyzed the reduction in modulus in a random two-dimensional honeycomb and in a
two-dimensional representation of vertebral bone. In both cases, there was a dramatic
reduction in modulus: elimination of ten percent of the struts reduced the modulus by
approximately forty percent. In the vertebral bone simulation, elimination of the
horizontal struts was more damaging than eliminating vertical struts. Vajhalla (1999)
determined the loss of stiffness as a function of reduced density as struts were removed
from a three-dimensional Voronoi foam representing the structure of trabecular bone.
This work extended the relationship between modulus reduction and strut removal to a
generalized three-dimensional cellular structure representative of trabecular bone but did
not account for modulus loss in partially cracked, but unfractured, trabeculae. Taylor
(1998b) has used measurements of loss of stiffness in a single cycle of cortical bone
fatigue to predict crack growth in the bone material during that cycle.
A ignificant amount of work has been done to show how the presence of cracks
and voids affect the modulus of a continuous solid. Much of this work is in the fields of
composite materials and geology, which considers macroscopic cracks in rocks.
Budiansky and O'Connell (1976), for instance, found that the effective moduli of an
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isotropic material with randomly distributed flat cracks decreased linearly with the crack
density, and that this result was insensitive to the details of the crack shape.
In the previous chapter, we characterized damage in compression specimens of
bovine trabecular bone at the microstructural level by measuring microdamage
parameters (number of cracks per unit area, total length of cracks per unit area, damaged
area fraction, and number of struts damaged). We also measured mechanical properties
(modulus reduction and maximum strain reached) at the continuum level. We found that
at strains less than -0.7%, the stress-strain curve was linear and there was no detectable
increase in damage. Stress then increased non-linearly up to a peak value at a strain of
about -1.85%c in this range of strain all microdamage parameters increased dramatically.
At a strain of about -1.3%, a localized band of damage became apparent. At strains
beyond -1.85% the stress-strain curve leveled off and damage accumulated in a widening
band. Once the length of the damage band was roughly equal to the gauge length of the
specimen, damage progressed by increasing the number of damaged trabeculae and the
area fraction of damage within the band. The mean crack length remained constant with
increasing strain, indicating that damage progression occurs by increasing the number of
cracks, not their length. At strains beyond -2.0C%. individual trabeculae fractured.
Damage progression continued until the specimen could not support the applied load.
This was seen as a reduction in stress with increasing strain or sudden fracture.
This work seeked to develop relationships between microcrack parameters
(number of cracks per unit area, total length of cracks per unit area, damaged area
fraction, number of struts damaged, etc.) and continuum mechanical properties (modulus
reduction and maximum strain reached) using cellular solid models. We developed a
model that explained mechanistically how the presence of microcracks affects bone
stiffness loss. In this study, we asked: can the modulus reduction in bovine trabecular
bone damaged in a single compression cycle be explained by a model based on measured
microdamage parameters?
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4.2 Modeling
Modeling microdamage was performed in three steps (Figure 4.1). First,
microdamage within a single trabecula was modeled and we determined how
microcracking reduces the stiffness of the trabecula. Individual trabeculae were assumed
to be either rods or plates. Second, the network of individual trabeculae was modeled as
a cellular solid, accounting for the effective loss of fractured trabeculae and for the
reduced stiffness in damaged trabeculae. A reduced modulus was determined for the
local damaged region. Finally, the effect of the damaged region, in the form of a shear
band, on the modulus of the entire specimen was estimated.
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Figure 4.1: Schematic of trabecular bone, showing different levels of structure.
Individual trabeculae may have microcracks, reducing their stiffness. or be fractured. A
region of trabecular bone may have trabeculae with no damage, with microcracks, or with
fractures. As strain increases, the damage is concentrated in a band. indicated by the
darker area on the whole specimen view, within the specimen The model described in
the text considers all three scales.
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4.2.1 Trabeculae Level
Damage is present in a number of trabeculae within a bone specimen. We
idealized each trabecula as a rod or a plate with length, lo, thickness. to, width, b, and
initial undamaged modulus, E, (Figure 4.2a). A rod-like trabecula was assumed to have
width, b, equal to the thickness, t, while a plate-like trabecula was assumed to have a
width b equal to the length, lo. Microdamage occurred as microcracks in a localized
region of the trabecula of thickness, 't,t,,,,g, (Figure 4.2b). The damage was assumed to
be uniform into the depth of the trabecula. The presence of microcracks reduced the
modulus of the damaged area to a new modulus. E (Figure 4.2c).
Budiansky and O'Connell (1976) used a self-consistent method to calculate the
reduction in the elastic moduli of an isotropic material associated with a given
distribution of random microcracks. The decrease in Young's modulus with increasing
crack numerical density was approximately linearly. At crack densities typical of the
damaged area in a single trabecula, the stiffness of the damaged area was approximately
zero, allowing it to be effectively eliminated.
We considered the case of a cracked solid containing circular cracks. Although
cracks in hone have been observed to be elliptical (Taylor and Lee, 1998), the assumption
of circular cracks was made since the final value of the modulus reduction, El E,. was
relatively independent of the crack aspect ratio. The modulus reduction was given as
(Budiansky and O'Connell. 1976):
/E 16 (-0':)(1o-3F)4
i--- E (4.1)El: 45 (2-F)
where
i= 45 (v-iF)(2 -F) 3iM(I,) (4.2)
16 - ) )[lOv - ( I +3) 4 M 
when
M(1z) =- El, I (l) (4.3)
, ,,,, A , -,
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From the plot of modulus reduction versus the parameter ' in the original paper
(Budiansky and O'Connell, 1976), we noted that for a dry crack
X 0, - - 0, 0.563, M -4 2.356 (4.4)
E v
and for a wet crack
--)0, -0.5, '--1.4, M ( -5.86 (4.5)
E v
To determine the reduction in modulus a damaged area, we considered cases
corresponding to the patterns of damaged observed in various studies (diffuse damage,
single crack, parallel cracks, equal cross-hatch, unequal cross-hatch, and fracture)
(Wachtel and Keaveny, 1997; Fazzalari et al., 1998b). In the case of complete fracture,
the trabecula had been effectively removed from the structure and there was no region of
reduced modulus. For single cracks and parallel cracks, the damaged area was taken to
be only the edges of the crack, and the modulus was assumed to go to zero in that region.
The unequal cross-hatch pattern was essentially a single crack with accompanying small
cracks; we assumed that the long crack dominates, so an unequal cross-hatch was treated
like a single crack.
For the case of equal cross-hatching, we considered a typical case. A review of
twelve specimens loaded to or beyond a strain of -2.0% gave an average of 22.4 + 14.5
cracks per image. Since most damage in this region was seen as cross-hatching, we
assumed that the average number of cracks per image estimated the number of cracks in a
region of cross-hatching. Stereological point counting only identified areas very close to
the actual damage, so we assumed that the entire region was filled with cracks. We also
assumed that the cracks extended to 70% of the height. /I, of the damaged area. For
example, if the area of damage was twice as long as it was high,
M (12) = (0.7h)2 22.4 = 5.49 (4.6)
which reduced E to near zero for completely saturated cracks and to zero for dry cracks.
Diffuse damage usually occurred as regions adjacent to clearly distinguishable
microcracks. We assumed that diffuse damage was composed of fine microcracks too
small to distinguish individually under a light microscope. In this case, the presence of
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fine cracks extended the area of reduced modulus. It was difficult to estimate the number
of fine cracks in a region of diffuse damage; however, the presence of diffuse staining
implied a high crack density and a significantly reduced modulus.
To account for the effective loss of material caused by the presence of
microdamage, we replaced the damaged trabecula by one that was thinner but intact, with
effective strut thickness t' (Figure 4.3). Cellular solid models indicated that a rod in an
open-cell foam is loaded in bending, with the displacement under load proportional to
l/t ' . and that a plate in a closed-cell foam is loaded in axial tension or compression, and
its displacement would be proportional to l/t (Gibson and Ashby, 1997).
To determine the effective thickness corresponding to each damage location and
depth through the thickness for a rod model. we considered the general case of a beam
loaded in pure bending (Figure 4.4). Shear forces were assumed to be negligible.
M: ' I+-: ' ++ A- (4.7)
2E I, 1 , r, I: -I J
For an ntact beam,
/I = I,=z (4.8)
lji (4.9)
2El1
In this model, the effective thickness was chosen so that the deflections of the two beams
under the same loading conditions were equal.
_ .- -- - + + + (4.1)1M 2x +X ± 2x ( + 4] (4.10)
where ' is the moment of inertia of the effective beam
where ' is the moment of inertia of the ffective bear
Equation (4.10) can be simplitied for the three cases of damage used in this
model: for example, for the case of damage in the middle of the beam, .xl = x., 1/ - /;.
and
=,, _ + -4 +4 1 + (4.11)/' 1 I , I , I1
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bt3 b (to - tmee)3I1=13bt I,= daaga (4.12)12 - 12
The amount of damage has been measured as a total damaged area, Atotal, and as a
depth of damage through the thickness of the beam, ta,,,,,Jto, rounded to the nearest one
quarter. The area of damage for each trabecula was estimated by dividing the total
damaged area by the number of trabeculae containing damage.
A,,,,,,,, = - (4.13)
ttZ in ' he
The intact thickness and the length of damage were determined from the area and the
depth through the thickness.
.rN, ,, A,,.n. a (4.14)
Therefore.
I1 irt,,,,,,l,.- ) .( iI i (4.15)
Trabeculae that had damage through the entire thickness were considered to have
fractured and were eliminated from the matrix. Eqn. 4.10 to Eqn. 4.15 were combined
and solved to determine the effective moment of inertia, and thus an effective thickness.
for the beam.
In a cellular solid composed of plates. the individual members deform by
stretching of the cell walls. In the general case, the deflection were calculated as the sum
of the deflections of each component.
F .rI .¥, X1+ + +... ) (4.16)
, .l t, I, t
To calculate the effective thickness, Eqn. 4.16 was set equal to the case of a plate with
constant thickness, t'. and we solved for t'.
/( - I a'nlar:e
t'= (4.17)
I A
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To model an individual specimen, several experimental parameters were required.
The location of the damage on the strut (middle or end, Figure 4.5) and the depth through
the thickness of damage, tda,,rg/to, (25%. 50%, 75% or 100% of the trabeculae, Figure
4.5) were measured for each specimen. The location of damage affected the deflection of
the trabeculae in bending, in the open-cell model, as the deflection depends on the
distribution of the moment, Young's modulus, and the thickness along the length of the
member. For plate stretching in the closed-cell model, the deflection was unaffected by
the distribution of the thickness along the length of the member. It was assumed that any
crack visible in two dimensions is a sheet-like crack (Fazzalari et al., 1998a) that extends
through the depth of the strut in the third dimension. Finally, the damaged area, Aa,,,,,e
xwas measured for each cracked region and a total damaged area. A,j,t,, for a given
specimen was available.
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Figure 4.2: An idealized two-dimensional representation of a single trabecula. The
trabecular width b is either thickness t (rod model) or length I/ (plate model). (a) An
idealized undamaged trabecula of modulus E,. (b) The damaged area is delineated as
containing the local damage. (c) The damaged area is represented as a new material with
a reduced modulus, E.
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Figure 4.3: Each damaged trabeculae is replaced by an intact trabeculae of the same
initial modulus but a new effective thickness, t'. The effective thickness, t', is chosen
such that the intact trabecula of thickness t' has the same stiffness as the damaged
trabecula of thickness to.
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Figure 4.4: General form of a beam with a segment missing. The beam may be
deformed in bending (rod model) or by axial stretching (plate model).
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Figure 4.5: Damage location and depth across the thickness, as measured in Chapter 3.
Damage depth across the thickness is rounded to the nearest 25%. Schematic showing
damage occurring (a) in the middle of a trabecula, 50% depth across the thickness, and
(b) at one end of a trabecula, 25% depth across the thickness.
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4.2.2 Cellular Solid Level
To develop a model for damage of trabecular bone in compression, the damaged
and fractured trabeculae were incorporated into a three-dimensional network of struts that
represented the structure of trabecular bone. Within a region of damaged trabecular bone
there were intact trabeculae with no microcracks, trabeculae with microcracks that were
modeled as intact trabeculae of reduced effective thickness, and fractured trabeculae with
a through-thickness crack, which had no load-bearing capacity (Figure 4.6a).
The fractured struts were eliminated from the network (Figure 4.6b) creating a
more open network with a reduced modulus, Esrut,,/Eo. The modulus of a random
three dimensional, open-cell network with struts randomly removed has been calculated
(Figure 4.7) (Vajjhala et al., 2000). This random network is similar to the structure of
randomly oriented trabecular bone. Analyses of the effect of random strut loss in a
variety of two-dimensional networks (regular hexagonal cells, random cells, two-
dimensional vertebral bone model) suggested that the modulus reduction is insensitive to
the exact geometry of the network (Silva and Gibson, 1997a, b).
A similar method was used to obtain the stiffness reduction due to strut removal
in a closed-cell network of plates. There are currently no studies available that show how
randomly removing plates affects the modulus of closed-cell foams. However, the
modulus loss for the removal of small numbers of plates can be estimated, and a
percolation threshold, where the cellular solid is no longer continuous, can also be
estimated (Stauffer and Aharony, 1992). From this information, we interpolated the
remainder of the curve. Initially, in the intact foam, all plates deform by stretching
(E - plp). When a plate was removed, a gap was created, and the surrounding plates
deformed mainly by bending (E o (p'/ps)2). Assuming that only plates within a one-cell
distance of the removed plate were affected, the modulus reduction were calculated as
follows:
E,,r, loss f .i
E N otal -i0 on
N,ot, -f-i ( ,i flracture+ N(,fi- (~51J1(4.18)
P.
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where Estrut_oss is the modulus after the removal of trabeculae, Eo is the initial modulus of
the cellular solid, f is the number of plates per cell, i is the number of plates removed,
Ntoat is the total number of plates, (P*/Ps)fracture is the relative density after removal of
fractured trabeculae, and (p*/ps)o is original relative density. This estimate was valid as
long as the plates that were removed were far enough apart to not interact. Since there
were typically 12-14 faces per unit cell in a three-dimensional cellular solid (Gibson and
Ashby, 1997), and we assumed that removing a trabeculae only affects trabeculae within
one cell, this approximation was valid until approximately 5% of the struts have been
removed. At this point, removal of an additional plate was likely to be within the range
of influence of a plate that had been removed previously.
At the other extreme, there is a limit to how many faces of a closed-cell cellular
solid can be removed while keeping the cellular solid intact. The percolation threshold is
defined as the fraction of struts that can be randomly removed before the structure is
separated into two pieces, with resulting zero modulus. For a closed-cell cubic structure,
the percolation threshold is approximately 75% (Stauffer and Aharony, 1992). The
approximate reduced modulus was calculated for the two extreme cases, and an estimate
for the intermediate region was obtained by interpolation (Figure 4.7).
The damaged rods or plates can be represented as intact rods (plates) with reduced
thickness (Figure 4.3, 4.6c). The thickness reduction was then averaged over the
remaining struts (Figure 4.6d)). Models suggest that the Young's moduli of closed-cell
foams are relatively insensitive to the distribution of the wall thickness (Grenestedt and
Bassinet, 2000) while those of open-cell foams are more sensitive (Yeh and Keaveny,
1999). This probably reflects the differing mechanisms in closed- and open-cell cellular
solids: the local stiffness of each plate-like member in a closed-cell foam is related to its
axial stiffness (o t) while that of each rod-like member in an open-cell foam is related to
its bending stiffness (oc t4). The bovine trabecular bone used in this study had an average
relative density of 0.43, with a more plate-like structure. Here, for simplicity, we used
the average reduced thickness, t, for both plate- and rod-like trabeculae, for subsequent
density and modulus calculations.
1 Nemmrl
=t,' (4.19)
Nremaining =1
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To determine the average effective thickness, the model calculated the effective
thickness for several general cases (middle and end damage at a percentage extent of
damage across the thickness of 25%, 50%, or 75%) and applied those values according to
the observed fraction of trabeculae with that type of damage.
t 25 %m t' t' t '5o* fo% 1+ Jf25.,m t .m+ f25%.e +fS0.m A o. + f. e
+o to to t0 to (4.20)
+f75%M m. f75%.e 75.e + f A00o .0
to to
The ratio of the fraction of struts with middle damage to those with end damage was
measured in the previous study: it was consistent and approximately 3:1. Therefore,
= 0 + (f + f% ( , 25%,m + t25%se ) (fO%.m + f) 3tSm + t5o%,"
!to ! / 34to )ll (4
.21)
(3+ (fm + f75%m + t75%,e )
Considerable work has been done showing that trabecular bone modulus is
strongly related to density (Carter and Hayes, 1977c; Ducheyne et al., 1977; Hvid et al.,
1985; Ashman and Rho, 1988; Rice et al., 1988; Hvid et al., 1989; Ciarelli et al., 1991;
Goldstein et al., 1993; Keaveny and Hayes, 1993b; Ding et al., 1997). Thus, the effective
density reduction was used to calculate the reduced modulus, Ege/Eo, due to the
presence of damaged regions. The reduced modulus, given by the reduced thickness, i,
was determined since the deflection of the beam, 6, remains constant. For a rod model
(Gibson and Ashby, 1997),
Ea F 1 F Eb 3 bT3 (4.22)le 6 !1 Flo' 14
E&,a.*sg~e tPb (4.23)
E' lo4
The deflection of the undamaged specimen is given by
E0o to3b (4.24)
E
,
lo
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so
Eo to = (4.25)
For a plate model (Gibson and Ashby, 1997),
Egce t (4.26)
E, o1
and
O P C )2 ncto '(4.27)
E., /Pi~b 10
so,
E,*,,,,,,gO - (4.28)
E0 to
The local modulus reduction, E2/Eo, depended on both the modulus reduction due
to fractures, E ,,_/Eo, and the modulus reduction due to microdamage, Ed,,wge/Eo.
Each modulus reduction was calculated separately, then the individual modulus
reductions were multiplied to determine the overall modulus reduction.
E, E,., ,,,, E
__E =-tt E Adwq (4.29)E E E
To model an individual specimen, we measured the fraction of struts with damage
through 0%, 25%, 50%, 75%, and 100% of the thickness in the two-dimensional thin
sections of the specimens. The fraction of damaged struts per unit area corresponds to
the fraction per unit volume. The fraction of undamaged struts can be determined by
obtaining a value of the fraction of struts per unit volume for bovine tibial trabecular
bone and subtracting the number of damaged struts per unit volume. Currently, the
fraction of undamaged struts was estimated from images of the damaged sections with
damaged marked. Measuring the number of connected rods or plates using stereological
methods was difficult because the struts are not distinct.
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Figure 4.6: Trabeculae organized into a cellular solid network. (a) Entire network,
showing trabeculae with no damage (black), trabeculae with partial damage (dark gray),
and fractured trabeculae with a crack or cracks through the entire thickness (light gray).
(b) Fractured trabeculae have been removed from the model. (c) Partially damaged
trabeculae have been reduced in thickness. (d) The thickness reduction is averaged over
all the remaining trabeculae, to give an average thickness of T.
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Figure 4.6: Trabeculae organized into a cellular solid network. (a) Entire network,
showing trabeculae with no damage (black), trabeculae with partial damage (dark gray),
and fractured trabeculae with a crack or cracks through the entire thickness (light gray).
(b) Fractured trabeculae have been removed from the model. (c) Partially damaged
trabeculae have been reduced in thickness. (d) The thickness reduction is averaged over
all the remaining trabeculae, to give an average thickness of T.
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Figure 4.7: Plot of modulus reduction vs. density fraction reduction (Valhalla, private
communication) for random removal of rod-like struts random open-cell cellular solid
(black). An estimate for the modulus reduction for random removal of plate-like struts
has als!o been included; the dashed portion of the line indicates the interpolation between
the two limits (gray).
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4.2.3 Specimen Level
Compression damage in trabecular bone, as in other cellular solids (Bart-Smith et
al., 1998; McCullough et al., 1999; Bastawros et al., 2000), occurs grossly in the form of
localized damage bands. Initially, in cellular solids, damage occurs randomly with the
weakest members (with the most vulnerable defects) failing first. Failure of the first few
members produced local stress concentratiois, making further strut failures more likely in
the vicinity of the initial failures, and giving rise to a localized damaged band (Guo et al.,
1994; Bart-Smith et al., 1998). Localized strut fractures, concentrated together as a result
of this mechanism, reduce the modulus more than random strut fractures (Guo et al.,
1994; Yeh and Keaveny, 1999). We simulated this sequence of events by distributing
damage, including fractures, randomly throughout the model at lower strains and
concentrating the damage within a band at higher strains.
In trabecular bone, these bands were visible as large deformations in individual
struts viewed using microcomputed tomography (micro-CT) (Mueller et al., 1998;
Tantillo, 1999) and as bright regions on thin histologic section after bulk fluorescent
staining of a damaged specimen (Figure 4.8a). Our observations indicated that damage
bands begin to form in bovine trabecular bone at compressive strains of -1.3% (Chapter
3). In this model, damage was distributed randomly at lower strains and concentrated
within the damage band at higher strains. The damage band separated the specimen into
two regions, with different moduli (Figure 4.8b). The damaged area of specimen, with
length L2, had a modulus E2, as determined in the previous section. The remaining area,
with initial modulus Eo, was of length Lo - L2, where Lo is the gauge length of the
extensometer used (5.0 mm). It was assumed that all damage occurred within th, band,
that the band extended across the specimen, and that all bone outside the band remained
elastic.
We have estimated the length of the damage band from images of the entire
section with the areas of damage marked on it. The localized region containing the
damage was outlined, and the length of the localized region was measured at five (5)
points parallel to the long axis of the specimen. The average lengths in each plane were
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then averaged to obtain the average damage band length for the entire specimen, and the
reduced modulus, E', was calculated as:
Eol+ 1 (4.30)
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Figure 4.8: Damage within trabecular bone specimens is localized. (a) Image of a
specimen tested to -4.0% compressive strain, stained after testing with calcein green. (b)
Schematic representation of localized damage.
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4.3 Comparison with Experiments
Previously, we tested 38 specimens in monotonic compression under strain
control to maximum strains from 0.0% (untested) to - = -4.0% (example, Figure 4.9).
Experimental modulus reductions compared well with results reported in the literature
(Keaveny et al., 1994d). Microdamage parameters were analyzed for all specimens, and
the data were applied to our model. The modulus reduction predicted by the model was
compared to the modulus reduction determined using the secant modulus reduction for
each specimen (Figure 4.10). There is a high correlation between the secant modulus,
Ese, and the reloading modulus, E,, and the secant modulus has been used to estimate the
reloading modulus in other studies (Keaveny et al., 1994d, 1999). Values of the modulus
reduction within the localized damaged area, E2/Eo, varied widely between specimens
(0.56 to 0.04 for plates, 0.42 to 0.01 for rods). Linear regressions for the rod model gave
a slope of 1.129 ± 0.086 (p <0.001, R2 = 0.83), with an intercept of -0.159 ± 0.056
(p < 0.005); regressions for the plate model gave a slope of 0.995 + 0.078 (p < 0.001,
R2 = 0.82) and an intercept of 0.010 ± 0.051 (p = 0.84). The concordance correlation was
calculated for each model (rod R2 = 0.75, plate RC2 = 0.81).
Microdamage was observed under UV epifluorescence in thin sections of bone
that had been bulk stained in contrasting chelating fluorochromes before and after testing.
Three stain combinations were used: oxytetracycline/xylenol orange (n = 3),
oxytetracycline only (n = 4), and alizarin complexone/calcein (n = 31). When only
specimens stained with the alizarin complexone/calcein combination were used in the
analysis, the regressions improved (rod: R2 = 0.85, R 2 = 0.75; plate: R2 = 0.85,
RC2 = 0.84).
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Figure 4.9: Typical stress-strain curve of a trabecular bone specimen, loaded to a strain
of -3.0%, then unloaded to zero strain. Initial modulus, Eo, and secant modulus, Ese, are
shown.
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Figure 4.10: Comparison of model predictions with experimentally determined modulus
loss. Experimental modulus loss is the secant modulus divided by the initial loading
modulus. (a) Closed-cell model based on plate-like trabeculae (Y = 0.995X + 0.01,
R2 = 0.82, RC2 = 0.81. (b) Open-cell model based on rod-like trabeculae
(Y = 1.13X - 0.16, R2 = 0.83, RC2 = 0.75).
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4.4 Parametric Study
A parametric study was performed to determine which variables have the greatest
effect on the final value of modulus reduction. Variables tested included the total amount
of damaged area, Atotal, the length of the damage band, L2, the depth of damage through
the thickness, tdam,,agto, the fraction of intact trabeculae,fo, and the modulus reduction due
to the removal of fractured trabeculae, Estrtloss/Eo. These parameters were tested by
varying one input parameter at a time and calculating the change in the overall modulus
reduction, E/Eo. The effect of distribution of damage between damage types (25%, 50%,
75%, or 100% depth through the thickness) and location (middle or end) was also
calculated. This was tested by assigning all of the damage to a single type (e.g. all
damage occurs in the middle and extends 50% of the depth through the thickness) and
comparing that to the case where damage is evenly divided between the groups. For the
rod model, the ratio of middle damage to end damage was also varied from the assumed
ratio of 3:1. Damage location does not affect modulus reduction in the plate model, so no
study was performed in this case.
The amount of variation in specimen modulus reduction depended on the
specimen studied. In general, the closer the predicted specimen modulus reduction was
to 1.0, the less variation was observed. The results presented here were calculated from
data obtained from a specimen compressed to &r = -4.0%, with a modulus reduction of
0.176E, and a specimen compressed to ;,, = -1.1% strain, with a modulus reduction of
0.886Eo. Other specimens showed similar responses to changes in input parameters.
Both the open- and closed-cell models were most sensitive to changes in the
modulus caused by the removal of struts (Figure 4.11a). The reduced modulus for an
open-cell rod model was based on finite element studies (Vajjhala et al., 2000); however,
no studies exist of the effects of random plate removal on modulus. The values we used
have been interpolated between known end points and may contain some error. There
was an approximate one-to-one correspondence between changes in the input parameter
and changes in the specimen reduced modulus, EVEo. For example, a ten percent
decrease in the modulus loss due to strut removal results in a reduction of E1Eo0 by
slightly less than ten percent. Similar results were observed for changes in the damage
band length (Figure 4.11b); here, the closed-cell model was more sensitive than the
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open-cell model. The damage band length was relatively straightforward to measure
when the band was distinct at high compressive strains but was quite difficult to measure
while the band was forming.
The reduced modulus was less sensitive to variations in the amount of damaged
area, Ao,,a, (Figure 4.11c), and to variations in the depth through the thickness, tdamage/to
(Figure 4.11d). In both cases, the open-cell model was more sensitive to variations in
the input parameter than the closed-cell model. For example, a change in the amount of
damaged area by ten percent changed ETEo by about five percent for the open-cell model
and less than 1.5% for the closed-cell model. Both models were relatively insensitive to
changes in the fraction of undamaged struts, fo (Figure 4.11e); a change in this input
parameter of ten percent varied ETEo by two percent in the open-cell model and less than
one percent in the closed-cell model. The open-cell model was quite insensitive to
changes in the ratio of damage location (Figure 4.11f). As mentioned before, the closed-
cell model did not use damage location as an input variable. Varying the ratio from 9:1 to
3:2 produced a change in EYEo of less than four percent from the original ET'Eo calculated
using a ratio of 3:1.
The open-cell model was more sensitive to the distribution of damaged areas
throughout the various depths through the thickness and damage locations than the
closed-cell model. As mentioned earlier, the closed-cell model was not sensitive to the
damage location. Both observations were consistent with deformation of the rod model
by bending and that of the closed-cell model by stretching. In the open-cell model, the
maximum modulus reduction occurred when damage was spread evenly between the
different types of damage. Conversely, the minimum modulus reduction occurred when
all the damaged area was concentrated in the fractured struts (Figure 4.12a). In the
closed-cell model, the minimum reduced modulus occurred when all damage was
assumed to concentrate in the fractured struts, but the maximum reduced modulus did not
necessarily occur in the evenly distributed case (Figure 4.12b).
We also evaluated the relative contributions of fractured struts, Estrut loss/Eo, and
damaged struts, Edamge/Eo, to the modulus reduction in the localized band, E 2/Eo, for the
open- and closed-cell models (Table 4.1). No microdamage accumulation or change in
modulus was observed at strains below -1.1%, before yielding. After yield, the fraction
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of fractured and damaged members increased, with corresponding decreases in
Estrutloss/Eo and EdamagJEo. The fraction of fractured members remained approximately
constant after -2.0% strain. The value of EstrutIoss/EO reached a plateau about -2.0%, then
decreased dramatically at Amd = -4.0%. These plateaus approximately corresponded to
the plateau in the stress-strain curve near the ultimate stress. Estrt_,,,oss/E was smaller in
the open-cell model, and the differences between open- and closed-cell models increased
with increasing strain.
The modulus change due to damaged members also increased with increasing
maximum strain (Table 4.1). Modulus changes due to damaged trabeculae in the closed-
cell model were about 15% in the worst case and average about 10% in post-yield
specimens. However, modulus losses due to damaged trabeculae were considerable in
the open-cell model, reducing the overall modulus by up to 40%. For example, at -2.0%
strain, the modulus reduction for the closed-cell model due to fractured trabeculae,
Estr,utlos/Eo, was 0.32 and the loss due to damaged trabeculae, Edamage/Eo, was 0.92,
leading to an overall modulus reduction in the damaged region, E2/Eo, of 0.29. We
concluded that the modulus reduction due to fractured struts, Estrut_Io,,/Eo, was the major
contributor to local overall modulus reduction, E2/E, in both the open- and closed-cell
models, and that the modulus reduction due to other types of damage, Edamage/Eo, was a
significant contributor to E2/Eo only in the open-cell model.
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E£,m , Broken Struts Damaged Struts
(%) Average Estut losJEo Average EdamaEo
Fraction Open-cell Closed-cell Fraction Open-cell Closed-cell
0.0 0 1.00 (0) 1.00 (O) 0.01 (0) 1.00 (0) 1.00 (0)
-0.4 0 1.00 (0) 1.00 (0) 0.01 (0) 1.00 (0) 1.00 (0)
-0.8 0.004 (0.001) 1.00 (0) 0.99 (0.01) 0.006 (0.001) 1.00 (0) 1.00 (0)
-1.1 0.099 (0.043) 0.60 (0.17) 0.75 (0.18) 0.301 (0.189) 0.89 (0.08) 0.95 (0.03)
-1.3 0.199 (0.126) 0.33 (0.38) 0.41 (0.35) 0.194 (0.148) 0.84 (0.15) 0.94 (0.06)
-2.0 0.232 (0.083) 0.22 (0.15) 0.32 (0.19) 0.269 (0.047) 0.78 (0.09) 0.92 (0.03)
-2.5 0.215 (0.068) 0.24 (0.12) 0.34 (0.14) 0.430 (0.091) 0.77 (0.13) 0.91 (0.05)
-3.0 0.224 (0.056) 0.21 (0.13) 0.31 (0.14) 0.404 (0.084) 0.67 (0.15) 0.87 (0.07)
-4.0 0.291 (0.072) 0.08 (0.07) 0.18 (0.09) 0.309 (0.071) 0.59 (0.20) 0.83 (0.09)
Table 4.1: Comparison of components contributing to modulus reduction in the localized
damaged region. The overall modulus reduction, E 2/Eo, is the product of modulus loss
due to strut loss, Est,_j,,s.Eo, and the modulus loss due to damage, Ed,,angEo. Values are
shown for both opel- and closed-cell models. All values decrease with increasing strain.
EsI,,rutos/Eo has a greater effect on E2/Eo for both models, with Edag,,e/Eo having only a
minor effect in the closed-cell model.
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Figure 4.11: Effects of changes in input variables on the specimen reduced modulus.
Closed symbols represent a specimen tested to -4.0% strain, with considerable damage.
Black diamonds represent the closed-cell model (plate); gray squares represent the open-
cell model (rod). The other symbols represent a specimen tested to -1.1% strain, with
little damage. The open triangles represent the closed-cell (plate model), while the solid
gray line represents the open-cell (rod) model. Input parameters varied include
(a) reduced modulus due to removal of fractured struts, Esj,,/Eo, (b) width of the
localized damage band, (c) total damaged area in the specimen, Ato,", (d) estimate of
depth of damage through the thickness, tdas,g/to, (e) fraction of undamaged struts,fo, and
(f) ratio of middle damage to end damage, plotted on a log scale.
118
_q
a
1.3
0
0
w
w
1- 0w
w
1.2
1.1
1
0.9
0.8
0.7
0.75
1.3
1.2
0
_ 1
o0
LL0:L_ 0.9
.-
0.8
0.7
0.75
1
(tdamage/to)/(tdamage/tO)O
(c)
1
(Adamage)/(Adamage)O
1.25
1.25
(d)
Figure 4.11: Effects of changes in input variables on the specimen reduced modulus.
Closed symbols represent a specimen tested to -4.0% strain, with considerable damage.
Black diamonds represent the closed-cell model (plate); gray squares represent the open-
cell model (rod). The other symbols represent a specimen tested to -1.1% strain, with
little damage. The open triangles represent the closed-cell (plate model), while the solid
gray line represents the open-cell (rod) model. Input parameters varied include
(a) reduced modulus due to removal of fractured struts, Esru loss/Eo, (b) width of the
localized damage band, (c) total damaged area in the specimen, Atott, (d) estimate of
depth of damage through the thickness, tdamage/to, (e) fraction of undamaged struts,fo, and
(f) ratio of middle damage to end damage, plotted on a log scale.
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Figure 4.11: Effects of changes in input variables on the specimen reduced modulus.
Closed symbols represent a specimen tested to -4.0% strain, with considerable damage.
Black diamonds represent the closed-cell model (plate); gray squares represent the open-
cell model (rod). The other symbols represent a specimen tested to -1.1% strain, with
little damage. The open triangles represent the closed-cell (plate model), while the solid
gray line represents the open-cell (rod) model. Input parameters varied include
(a) reduced modulus due to removal of fractured struts, Estr, _/oss/Eo , (b) width of the
localized damage band, (c) total damaged area in the specimen, A,o, (d) estimate of
depth of damage through the thickness, tda,,mage/to, (e) fraction of undamaged struts, fo, and
(f) ratio of middle damage to end damage, plotted on a log scale.
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Figure 4.12: Effects of changing the distribution of damage on predicted modulus
reduction. Black diamonds represent an even distribution of areas; black circles represent
damage concentrated in fractured struts (no partial damage). The error bars represent the
range of created by different distributions. (a) Open-cell model. (b) Closed-cell model.
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4.5 Discussion
This study used an analytical model to predict the expected reduced modulus of a
specimen of bovine trabecular bone based on observations of the microdamage and
compared the predicted value to the experimentally measured secant modulus. The
model explained the progression of microdamage accumulation based on mechanistic
models. In general, the predictions agreed well with the measured values.
Two models were developed: an open-cell model (a rod-like structure) and a
closed-cell model (with a plate-like structure). Bovine trabecular bone from the proximal
tibiae is mostly a closed-cell structure, so, as expected, the closed-cell model performed
better than the open-cell model. However, trabecular bone structure varies widely
between species and anatomic locations, generally containing rod-like and plate-like
elements. Developing both models will allow us to extend our work to other types of
trabecular bone. Also, the rod and plate models can be combined to better represent
trabecular bone structures that lie somewhere between the two extremes.
The model presented here represents a descriptive model, based on observations
of microdamage after testing. In this model, the calculated reduced modulus is not a
unique solution to a particular set of microdamage parameters, so this model cannot be
used as a predictive one. There were approximately linear relationships between
different microdamage parameters, but accurately predicting the sequence of
microdamage accumulation in trabecular bone is beyond the scope of this work.
This model was much more effective at predicting reduced modulus due to
damage accumulation at larger reduced modulus than at smaller reduced modulus. The
model assumed that no changes in mechanical properties occurred without corresponding
microdamage accumulation. Wide ranges in the modulus predictions occurred at strains
near yielding when damage was present, but a distinct band had not formed. These small
amounts of damage were distributed in three different ways: as randomly occurring
damage, as a band extending part of the way across the specimen, or as a band extending
across the specimen. Different distributions affected the modulus prediction. In this
study, the case of the band extending across the entire specimen was used, since that case
resulted in the greatest modulus reduction and was thus the worst case scenario.
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When the damage band formed, it formed in the region surrounding the first
instances of damage. In metallic foams, defects such as voids or kinking in the cell walls
were identified in the cell structure that predispose that cell to collapse (Bart-Smith et al.,
1998; McCullough et al., 1999b). No such defects have been definitively identified in
trabecular bone, although it has been suggested that osteocytic lacunae may be stress
concentrators points and therefore act as crack initiation sites (Reilly, 2000).
There are a number of limitations associated with the assumptions of the model.
We assumed that the Young's modulus of trabecular bone was relatively insensitive to
the distribution of trabecular thickness. Models indicate that this was more accurate for
closed-cell cellular materials, with plate-like members (Grenestedt and Bassinet, 2000),
than for open-cell materials, with rod-like members (Yeh and Keaveny, 1999). This
assumption is probably more appropriate for high density trabecular bone such as the
bovine bone used in this study than it would be for low density, osteoporotic human
bone. Modification of the model to account for the effect of the distribution of trabecular
thickness would be necessary to more closely model, open-cell, rod-like, low density
trabecular bone.
The model predicted the new reloading modulus in a specimen that had damage
present. However, the experimentally measured modulus was the secant modulus, which
was related to, but not equal to, the reloading modulus (Keaveny et al., 1994d, 1999).
When we converted our measured secant modulus to a reloading modulus using the
relationship E,= =0.92E, + 69.2 (modulus in MPa) obtained for the same specimen
geometry (Keaveny et al., 1999), the slope of the regression line decreased by
approximately six percent in both the open-cell and closed-cell case, and the correlation
coefficients changed by less than one percent.
This model is isotropic; trabecular bone is known to be anisotropic (Turner et al.,
1990), and the amount of anisotropy depends on species and anatomic location. The
degree of anisotropy for bovine proximal tibia has been measured at 1.42 + 0.16 (Oden et
al., 1998). An isotropic structure was used here as an initial approach to relate changes in
mechanical properties to microdamage accumulation.
The model developed here has been used to predict a modulus reduction based on
measured microdamage parameters. The predictions agreed well with experimentally
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measured modulus reductions in bovine trabecular bone. This model provided an initial
step towards understanding the role of microdamage accumulation in stiffness
degradation of trabecular bone.
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Chapter 5: Fatigue Microdamage of Trabecular Bone
Abstract
Microdamage accumulation occurs when bones are loaded in fatigue during the
repetitive motions of day-to-day activities. Specimens of bovine trabecular bone were
mechanically tested in fatigue to one of four load levels and stopped at one of six
maximum strains. The reloading modulus and secant modulus decreased and residual
strains increased with increasing maximum compressive strain. The tested specimens
were sectioned and examined histologically for microdamage. All microdamage
parameters increased with increasing specimen strain at strains above a minimum
threshold of approximately -0.5%. The progression of damage during loading was
similar to that described for specimens loaded in uniaxial compression. Increases in the
number of cycles resulted in an increase in the proportion of parallel cracks and
trabecular fractures in the specimen. Trabecular fractures were seen at relatively low
strains (-1.1%), compared to specimens tested in uniaxial compression. The cellular solid
model developed to predict changes in modulus based on observed microdamage was
applied to specimens tested in fatigue; the model did not predict modulus reductions as
well in fatigue-tested specimens as it did for monotonic compression-tested specimens.
5.1 Introduction
Bones are loaded in fatigue as a result of the repetitive activities of daily life.
Fatigue loading may result in the creation of microdamage, seen as small cracks in the
bone. Usually microdamage is repaired by the bone remodeling process, and few
microcracks are present in vivo. If it is not repaired, microdamage may accumulate,
reducing bone stiffness. Eventually, microdamage accumulation and coalescence may
lead to a stress fracture or a fragility fracture (Daffner and Pavlov, 1992; Burr et al.,
1997).
The fatigue behavior of bone has been characterized in cortical (Carter and Hayes,
1976, 1977a, b; Pattin et al., 1996; Zioupos et al., 1996a, 1996b) and trabecular bone
125
(Guo et al., 1994; Cheng, 1995; Haddock et al., 2000). Fatigue damage in cortical and
trabecular bone is characterized by decreasing modulus throughout the test, with rapid
modulus reductions near failure, and increasing plastic strain. Plastic strain development
is similar to that seen during creep of engineering materials, with a primary, secondary,
and tertiary regime (Bowman et al., 1998). Bovine trabecular bone specimens tested in
fatigue showed different slopes of the S-N curve for specimens tested in low cycle fatigue
and high cycle fatigue (Guo, 1993; Cheng, 1995), using a cutoff of 3000 cycles between
high and low cycle fatigue (Appendix B, Figure 5.1). Fatigue of bone has been modeled
as a combination of cycle-dependent (fatigue) damage, consisting of modulus reduction,
and time-dependent (creep) damage, consisting of increasing plastic strain (Carter and
Caler, 1983, 1985; Caler and Carter, 1989; Bowman et al., 1998).
Microdamage is observed by histologic examination of thin sections of bone that
has been bulk stained to label microdamage. Brightfield observation of sections stained
with basic fuchsin has been the method of choice (Burr and Stafford, 1990). Recently,
new staining methods using chelating fluorochromes have been developed (Lee et al.,
2000). The chelating fluorochromes are site-specific, attaching to exposed calcium.
They can be used sequentially to determine when the damage was created. For example,
staining after specimen preparation but before testing will label all pre-existing
microdamage that was present in vivo or created during specimen preparation.
Microdamage occurs naturally in bones that were loaded in fatigue (Frost, 1960;
Nunamaker et al., 1990; Muir et al., 1999) and has also been observed in bones with
artificial in vivo loading (Burr et al., 1985; Mori and Burr, 1993; Bentolila et al., 1998).
Fatigue microdamage is thought to initiate bone remodeling (Burr et al., 1985; Mori and
Burr, 1993; Bentolila et al., 1998; Verborgt et al., 2000). Microdamage is not observed
prior to specimen yield (Zioupos et al., 1994), and after yield, microdamage
accumulation leads to stiffness and strength losses (Forwood and Parker, 1989; Hoshaw
et al., 1997). Burr et al. (1998) found an approximately quadratic relationship between
crack density and stiffness loss and a linear relationship between damaged area and
stiffness loss in whole canine femora tested in bending fatigue. Microcracks were
observed to accumulate during the initial portion of fatigue testing, then remained
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constant prior to increasing again before failure (O'Brien, 2001). To our knowledge, no
examination of microdamage in trabecular bone in fatigue has been performed.
Models have been developed to explain the relationship between mechanical
properties, in the form of modulus reduction, and microcrack growth. Taylor (1998b) has
developed a model to predict microcrack growth in cortical bone during fatigue using a
fracture mechanics approach based on measured stiffness variation. Guo et al. (1994)
modeled trabecular bone modulus reduction and failure due to growth of pre-existing
microcracks using finite element models.
Microdamage has been characterized in bovine trabecular bone tested in uniaxial
compression (Chapter 4; Wachtel and Keaveny, 1997) and compressive creep (Pierce,
1999). In these studies, specimens were loaded to a predetermined compressive strain,
and various microdamage parameters were determined histologically and compared to
mechanical properties (e.g. maximum strain, E£n, and modulus reduction, E,/Eo or
Ee,/Eo). Microdamage did not begin to accumulate until the specimen had exceeded the
yield strain; after yield, microdamage increased with increasing specimen strain.
Martin (1992) developed a theory of damage repair in cortical bone which
postulated that the amount of damage was related to the applied stress and the number of
cycles, specifically
D= kaqN (5.1)
where D is a measure of damage, in this case the total length of cracks, k is a damage rate
coefficient, is applied stress, q is the exponent of the stress term, and N is number of
cycles. Higher stresses are associated with greater strain rates (in a constant frequency
series of tests), and damage formation increases with increased stress during fatigue of
cortical bone (Schaffler et al., 1989). If trabecular bone microdamage accumulates
according to this relationship, then damage is expected to increase with increasing stress
levels and increasing numbers of cycles.
Also, specimens loaded in fatigue have the potential for crack growth in all cycles
beyond the first cycle, as well as the potential for crack initiation in all cycles. It was
hypothesized that specimens loaded for greater numbers of cycles would have more or
different microdamage (for example, greater crack lengths and a larger damaged area
fraction) than specimens loaded to the same modulus reduction for fewer cycles.
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In our previous study (Chapter 3), the progression of microdamage accumulation
with increasing specimen strain was determined for bovine trabecular bone tested in
uniaxial compression. We foud that little to no microdamage was present initially, and
few cracks were created prior to the yield strain. After yield, cracks formed in isolated
trabeculae. The load from the damaged trabeculae was redistributed within a localized
area, which was more likely to become damaged. The local region of damage expanded
and coalesced with other regions to form a band extending across the trabeculae. A
distinct band was usually visible by a strain of -2.0%. The size of the damaged band then
increased until it approached the specimen gauge length. After that, the density of the
damage within the band increased. As damage increased and during band formation,
individual trabeculae began to fracture completely. When all trabeculae across the
specimen were fractured, the specimen had broken.
This study observed the mechanical behavior of bovine trabecular bone in fatigue,
related microdamage accumulation with changes in mechanical properties, and
determined the progression of microdamage accumulation in fatigue in a similar manner
to our earlier study (Chapter 3). The effects of changes in load levels, maximum strain
reached, and number of cycles were studied, and the model developed to relate modulus
reductions to microdamage observations was applied to the fatigue-tested specimens.
Specifically, we asked the following research questions: (1) How does microdamage
accumulate in bovine trabecular bone tested in fatigue; and (2) How is microdamage
accumulation in fatigue affected by changes in load levels, maximum compressive strain,
and number of cycles; and (3) Can the cellular solid model developed to predict changes
in modulus based on observed microdamage be applied to specimens of bovine trabecular
bone tested in compressive fatigue?
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Figure 5.1: S-N curve for 61 waisted cylindrical specimens of bovine trabecular bone
tested in compression (Appendix B). An endurance limit is seen at a normalized stress of
Ao/Eo = 0.0035. The cut off between high and low cycle fatigue occurs at approximately
3000 cycles. Regressions for high and low cycle fatigue (Appendix B) are shown.
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5.2 Materials and Methods
Trabecular bone specimens were damaged by compressive fatigue loading to
various stress levels, with tests stopped at various maximum strains. All testing was
performed using specimens of bovine trabecular bone taken from the proximal tibia
(Figure 5.2), using specimens based on the design of Keaveny et al. (1997). Aligned
sections of trabecular bone were identified on contact radiographs of sagittal slices of the
bovine proximal tibia. 6.27 mm diameter cores were taken from the aligned regions
using a diamond-tipped coring tool (Starlite, Rosemont PA). The cores were press-fit
into brass end caps and glued in place using cyanoacrylate glue (910 Metal Bonding
Adhesive, Permabond, Englewood NJ). Specimens were kept moist during all steps of
specimen preparation and were kept frozen at -20°C between steps. The resulting
specimens have a gauge diameter of 6.27 mm, and a length of approximately 9 mm
between the end caps (Figure 5.2).
Before testing, the marrow was removed from the gauge length with a high
pressure water jet and specimens were stained overnight at atmospheric pressure in
0.03% alizarin complexone to identify damage created in vivo and during specimen
preparation (Chapter 2; Lee et al., 2000). After staining, the specimens were rinsed well
with distilled water. Specimen diameter was measured six (6) times with a digital
calipers (Model 500-531, Mitutoyo Corp., Japan), and the average diameter and cross-
sectional area was determined.
The specimen, was placed between a rigid upper platen and a self-aligning lower
platen (Figure 5.2), in a servo-hydraulic testing machine (Instron 1321 with 8500 Plus
controller, Instron Corp., Canton MA). A 0.5-inch (12.7 mm) extensometer (Instron
2620-826, Instron Corp., Canton MA) was attached to the end caps using elastic bands.
A small compressive pre-load (< 50 N) was placed on the specimen to ensure contact
between the platens. All testing was performed at room temperature, and specimens were
kept moist with physiologic saline (0.9% NaCI) throughout testing. Prior to fatigue
testing, the specimen was preconditioned by loading for ten cycles in strain control using
a sinusoidal waveform from 0.0% strain to -0.3% strain at 2.0 Hz. The initial modulus,
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Eo, was measured by taking the slope of the best linear fit of the tenth loading cycles from
-0.1% to -0.3% strain. The preconditioning strain level is well below both the yield strain
(approximately -0.7%) and the endurance limit (approximately -0.35%, see Appendix B)
and was not expected to create damage in the specimen (Keaveny et al., 1993c).
Fatigue tests were performed under load control at 2.0 Hz. Specimens were
loaded from a nominal compressive preload (--50 N) to a predetermined load
corresponding to one of four normalized stress levels, AdE 0 . When the specimen
reached a predetermined maximum compressive strain, E,,, the specimen was unloaded
and the test was stopped (Figure 5.3). Maximum compressive strain was chosen as a
stopping point as it was previously found to more closely correspond with the modulus
reduction than the other possibility, which was N, the number of cycles (Appendix B;
Figure 5.4a). Specimens were loaded to various combinations of four normalized
stresses, AdE, and six maximum strains (Table 5.1). Normalized stress was used to
reduce the scatter in results based on large differences in specimen initial modulus. The
normalized stresses chosen cover a range of expected numbers of cycles to failure, from
less than ten cycles to failure (Aa/Eo = 0.008) to normalized stresses of zaoEo = 0.005,
near the endurance limit of about AocEo = 0.004 (Appendix B; Seireg and Kempke, 1969;
Pattin et al., 1996).
Aa/Eo | E=-0.8% E =-1.1% E = -1.3% E = -1.65% E = -2.0% = -2.5%
0.008 5 5 5 5
0.007 5 5 5 5
0.006 5 5 5 5 5 5
0.005 5 5 5 5 5 5
Table 5.1: Combinations of normalized stress, Aa/Eo, and maximum strain, I, tested.
Specimens loaded to the two highest normalized stress levels were not tested to the two
lowest strains because the high load levels would cause the maximum strains to be
exceeded within one cycle.
Five specimens were loaded to each combination of stress and maximum
compressive strain (Table 5.1). Ten control specimens were also used: five control
specimens were not tested, and five were preconditioned to measure the initial modulus,
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but were not loaded in fatigue. The second set of control specimens were tested to ensure
that the preconditioning protocol does not create damage in the specimens. The number
of cycles, N, changes in plastic strain during a single cycle, Api, secant modulus of the
final cycle, E,,,, maximum strain, ,, and residual strain on unloading, res, were
measured for each specimen (Figure 5.3).
After testing, the specimen was loaded in strain control for one sinusoidal cycle in
strain control from 0.0% to -0.3% strain at 2.0 Hz, and the reloading modulus, Er, was
measured as the slope of the loading curve between -0.1% and -0.3%. The specimen was
removed from the testing machine, the bone section between the end caps was cut out
with a diamond saw (Isomet Low Speed Saw, Buehler, Lake Bluff IL), and bone marrow
at the cut ends was removed with a water jet. The specimen was stained overnight in
0.09% calcein green stain to label microdamage created during testing. The specimen
was supported during removal of the gauge length to prevent further damage to the
specimen. Specimens were dehydrated in a series of ethanol/water baths, embedded in
transparent poly (methyl methacrylate), and cut into thin longitudinal sections (100 - 150
jgm) on a diamond saw (Isomet Low Speed Saw, Buehler, Lake Bluff IL). The sections
were mounted on microscope slides with Eukitt's mounting medium (Electron
Microscopy Sciences, Fort Washington PA) and covered with glass cover slips.
Slide area was measured using digital images of the section taken through a
dissecting microscope (Optronics Engineering, DEI-750, Goleta CA; Snappy 1.0, Play
Incorporated, Rancho Cordova CA). The section area was measured and the bone area
fraction was determined using thresholding techniques and used to calculate bone area
fraction (ImageTool 1.25, UTHSCSA, San Antonio TX).
Slides were observed under ultraviolet epifluorescence with an excitation
wavelength of 365 nm. Several microdamage parameters were measured in each
specimen (Chapter 3). The size of the localized damage area was measured by
stereological point counting or, if a distinct band existed, as the average of five
measurements across an image of each section with the damage marked. The
measurement was normalized by the total section area to account for changes in specimen
length. The number of damaged trabeculae, including the pattern of damage (diffusely
stained areas, single crack, parallel cracks, cross-hatching, or complete fracture (Wachtel
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and Keaveny, 1997; Fazzalari et al., 1998b)) and the extent of damage across the
trabeculae (rounded to the nearest 25%), was measured for each specimen. Damaged
area fraction of the section was measured using stereological point counting. All
microdamage parameters were normalized by section area. T-tests were used to
determine if there was a statistically significant difference in the microdamage
parameters. Microdamage parameters were compared with the mechanical properties of
the specimens to determine if relationships existed.
The relationship between damage, applied stress, and number of cycles suggested
by Martin (1992) (Eqn. 5.1) was modified for trabecular bone. Applied stress was
replaced by normalized stress, Ao/Eo, and the number of damaged trabeculae and the
damaged area fraction were used as measures of damage since crack numbers and lengths
were not counted in the fatigue specimens. The modified equation thus became:
D = k( A N (5.2)
where D is a measure of damage, either the number of damaged trabeculae per
unit area or the damaged area fraction, k is a damage rate coefficient, Ao/Eo is applied
stress, q is the exponent of the stress term, and N is number of cycles. Fatigue specimens
were sorted by modulus reduction, E,/Eo, and specimens with similar modulus reductions
were compared to determine the effect of number of cycles on other mechanical
properties and on microdamage accumulation. A more detailed study was made of
specimens that were loaded at the same normalized stress to the same maximum strain to
determine if the number of cycles or other mechanical properties affected microdamage
accumulation. Specimens were also examined to determine the overall progression of
damage with increasing normalized stress and increasing number of cycles.
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aFigure 5.2: Experimental setup, including specimen geometry. An unwaisted cylinder is
glued into brass end caps to minimize end effects. The specimen is loaded in
compression between two platens (one fixed, one self-aligning) in a servohydraulic
testing machine. An extensometer is attached to the specimen endcaps.
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Figure 5.3: Typical fatigue test. Specimen was loaded at Ao/Eo = 0.007 to ,n = -2.5%.
The specimen shows both cycle-dependent fatigue damage (modulus reduction, Ee,,,/Eo,
with increasing cycles) and time-dependent creep damage (increase in residual or plastic
strain, ees, with increasing number of cycles, N).
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Figure 5.4: Modulus reduction, EseCIEo (black), and maximum strain, , (gray), are
plotted as a function of number of cycles, N. Specimens stopped at a given maximum
strain will have similar modulus reductions, but those stopped at a preset number of
cycles may have different modulus reductions. Each symbol (square, triangle, diamond)
represents a different specimen. (a) Two specimens from a previous study (Appendix B)
tested at the same normalized stress (da/Eo = 0.0085). Data from the current fatigue tests
shows that modulus reduction and maximum strain follow similar paths for (b)
AodEo = 0.008. (c) Ac/Eo = 0.007. (d) Ao/Eo = 0.006. (e) A Eo = 0.005.
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Figure 5.4: Modulus reduction, EseEo (black), and maximum strain, ,a. (gray), are
plotted as a function of number of cycles, N. Specimens stopped at a given maximum
strain will have similar modulus reductions, but those stopped at a preset number of
cycles may have different modulus reductions. Each symbol (square, triangle, diamond)
represents a different specimen. (a) Two specimens from a previous study (Appendix B)
tested at the same normalized stress (4daEo = 0.0085). Data from the current fatigue tests
shows that modulus reduction and maximum strain follow similar paths for (b)
AoEo = 0.008. (c) AdoEo = 0.007. (d) da/Eo = 0.006. (e) doEo = 0.005.
137
__
4
I
I
0
- --- ------- --
4
- --- -- -- 
---- - --- - -- -- -
- ---
------I---- ----
I *I.-
7!sk-
'Ikk I
% 1 I 
k
-- F
0
v
1.2
1
0.8
wt0.6
0.4
0.2
0
1 10 N 100 1000
(d)
x __I .
1
0.8
0.6
UJ
0.4
0.2
0
-0.5
-1
-1.
to
-2
-2.5
-3
V
-0.5
-1
-1.' i
-2
-2.5
-3
1 10 100 1000 10000
N
(e)
Figure 5.4: Modulus reduction, E,,Eo (black), and maximum strain, a (gray), are
plotted as a function of number of cycles, N. Specimens stopped at a given maximum
strain will have similar modulus reductions, but those stopped at a preset number of
cycles may have different modulus reductions. Each symbol (square, triangle, diamond)
represents a different specimen. (a) Two specimens from a previous study (Appendix B)
tested at the same normalized stress (dAEo = 0.0085). Data from the current fatigue tests
shows that modulus reduction and maximum strain follow similar paths for (b)
lauEo = 0.008. (c) AcdEo = 0.007. (d) AodEo = 0.006. (e) AcdE = 0.005.
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5.3 Results
110 fatigue tests were performed (typical test, Figure 5.3), with number of cycles,
N, in individual tests ranging from 1 to 17,000 (Table 5.2). A typical S-N curve is shown
in Figure 5.5. for a maximum strain of -1.3%. The number of cycles plotted corresponds
to the point in the test when the specimen reached -1.3% strain. S-N curves for
specimens tested to higher compressive strain levels, em, were similar to Figure 5.5. For
a given strain level, the number of cycles decreased with increasing normalized stress,
according to a power law (N = 7.47 x 10'2 2 (d/Eo)10.4, p < 0.05, R2 = 0.62). S-N curves
corresponding to other maximum strains were similar; for instance, the power law
relationships for specimens tested to -2.5% strain. (N = 1.0 x 10-20(A/Eo) 9 '8 8, p < 0.05,
R2 = 0.57) was similar to that for specimens tested to &,. = -1.3%. Specimens tested to
low numbers of cycles (N < 100) followed the Coffin-Manson Law (AeptNb = C,: b =
1.10, C, = 0.691, R2 = 0.82), where Aep, is the plastic strain range over a given cycle and
N is the number of cycles (Figure 5.6).
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Ao/E Strain E (MPa) N Er/E0 Esec/E0 £res (%)
Control N/A 0 N/A N/A N/A
Modulus 2252 (585) 0 N/A N/A -0.02 (0.01)
0.008 -1.3% 2021 (978) 9 (9) 0.794 (0.084) 0.765 (0.156) -0.49 (0.15)
0.008 -1.65% 2489 (1068) 23 (15) 0.759 (0.087) 0.722 (0.197) -0.64 (0.24)
0.008 -2.0% 2562 (540) 14 (6) 0.668 (0.074) 0.726 (0.200) -0.85 (0.26)
0.008 -2.5% 1741 (322) 6 (3) 0.555 (0.135) 0.610 (0.171) -1.30 (0.23)
0.007 -1.3% 1915 (975) 12 (11) 0.731 (0.048) 0.746 (0.071) -0.40 (0.02)
0.007 -1.65% 1931 (980) 56 (62) 0.708 (0.042) 0.764 (0.116) -0.77 (0.10)
0.007 -2.0% 2335(790) 437(451) 0.696 (0.153) 0.825 (0.304) -1.04 (0.30)
0.007 -2.5% 1790 (727) 245 (503) 0.413(0.161) 0.533 (0.202) -1.49 (0.57)
0.006 -0.8% 1673 (573) 280 (521) 0.975 (0.139) 1.046 (0.167) -0.22 (0.09)
0.006 -1.1% 1745 (622) 320 (399) 0.874 (0.218) 0.927 (0.288) -0.40 (0.14)
0.006 -1.3% 2421 (835) 145 (209) 0.660 (0.081) 0.715 (0.050) -0.49 (0.06)
0.006 -1.65% 1841 (238) 78 (45) 0.582 (0.019) 0.667 (0.045) -0.72 (0.06)
0.006 -2.0% 1466 (501) 121 (90) 0.626 (0.126) 0.659 (0.163) -1.05 (0.17)
0.006 -2.5% 2090 (663) 339 (359) 0.505 (0.159) 0.586 (0.188) -1.53 (0.32)
0.005 -0.8% 1713 (561) 1909 (2621) 0.992 (0.133) 1.018 (0.187) -0.28 (0.08)
0.005 -1.1% 2323 (1111) 5324 (6747) 0.826 (0.316) 0.954 (0.313) -0.48 (0.19)
0.005 -1.3% 2255 (802) 1693 (1450) 0.683 (0.159) 0.802 (0.208) -0.62 (0.16)
0.005 -1.65% 2732 (1601) 1509 (1344) 0.518 (0.102) 0.707 (0.101) -0.83 (0.14)
0.005 -2.0% 2120 (781) 751 (639) 0.492 (0.189) 0.565 (0.189) -1.15 (0.22)
0.005 -2.5% 2053 (417) 1257 (1742) 0.364 (0.026) 0.455 (0.075) -1.31 (0.22)
Table 5.2: Average mechanical property ( standard deviation) of all fatigue tests.
Both the reloading modulus, F,,/Eo, and the secant modulus, E,,,JEo, decreased
with increasing compressive strain, i,,,,t (Figure 5.7, Figure 5.8). There were no
significant differences (p < 0.05) in the modulus reductions in specimens tested to the
same e,,,~ at different normalized stress levels, ga/Eo, in almost all cases, for both E,/Eo
and EJ/Eo. Statistically significant differences were seen in only six of 26 paired
comparisons of E,/Eo: 4 of the 6 possible combinations of normalized stress at
=,,,, 
=
-1.65% and between one pair of normalized stresses at =,, = -1.3% and at
e,,, = -2.5%. There were no statistically significant differences in E,/Eo between
specimens tested to the same maximum strain at different normalized stresses. There was
a linear relationship between the secant and reloading modulus reductions
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(Ese,,Eo = 0.92E,/Eo + 0.12, p < 0.05, R2 = 0.77). In five specimens, all loaded to either
-0.8% or -1.1% strain, the initial modulus, Eo, was underestimated, and the measured
modulus increased during the fatigue test, resulting in modulus reductions greater than 1
(Figure 5.7, 5.8). These data have not been excluded from the analysis.
The reduced reloading modulus, EEo, grouped for all normalized stresses, AT/Eo,
at each level of &g, decreased linearly with &,m according to the relationship:
E,/Eo = 0.27 + 1.12, p < 0.05, R2 = 0.48) (Figure 5.7b). The intersection of the
regression with E,/Eo= 1 (corresponding to no measured modulus loss) occurs at
CM=  -0.44%. The reduced secant modulus, Ese,/Eo, grouped for all normalized stresses,
Aa/Eo, at each level of E,, decreased linearly with . according to the relationship:
EseEo = 0.25ma. + 1.16, p < 0.05, R2 = 0.35 (Figure 5.8b). The intersection of the
regression with Es,,/Eo = 1 occurs at £,x = -0.64%. Multiple linear regressions (Eqn 5.3,
5.4) of the mechanical properties revealed that while maximum strain, £, , was the major
determinant of both reloading and secant modulus loss, the relative density, p*/ps
(measured as the bone area divided by the section area), normalized stress, amE 0O, initial
modulus, Eo, and number of cycles, N, were small but significant predictors as well
(E/Eo: R2 = 0.73; EseEo: R 2 = 0.62).
E/Eo = 0.40 +0.751p*/p., + 88.8Aa/Eo -0.14Eo + 0.661oglo(N) + 0.27x,,
p < 0.005, R2 = 0.73 (5.3)
Ee,,!Eo = 0.206 +1.035p/p, + 89.8AoEo -0. 15Eo + 0. 131oglo(N) + 0.245,,,
p < 0.005 for all slopes, intercept p = 0.21, R2 = 0.62 (5.4)
The maximum strain, Ema, predicted the overall modulus reduction, E/Eo, better
than number of cycles (Figure 5.4). The maximum strain tracked the modulus reduction
over the course of the test at all normalized stress levels (Figure 5.4b-e). After a
specimen reached a strain of approximately -1.3%, failure occurred within a few cycles.
Specimens tested to the same maximum strain had similar modulus reductions, but
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specimens tested to the same number of cycles did not necessarily have similar changes
in modulus.
The compressive residual strain, eres, increased with increasing maximum
compressive strain (Table 5.2, Figure 5.9). There was a linear relationship between the
pooled residual strain for all normalized stresses and the maximum strain
(res = 0.71e,ma + 0.39, p < 0.001, R2 = 0.76). Adding the normalized stress and initial
modulus to the regression improved predictions by less than ten percent
(res,=0.747,,+ 65.2(Aa/Eo) + 0.121Eo - 0.213, R2 =0.84). Only two statistically
significant differences were found in the residual strain, res, between specimens tested to
the same maximum strain at different normalized stresses, both at Ae = -1.3%; otherwise
the data was not statistically significant for different normalized stresses, Ao/Eo, at a
given maAimum strain, t. Based on the linear relationship between residual strain, res,
and maximum strain, Es, we calculated that Eres = 0 at en, = -0.55%, suggesting that
there was little or no damage at strains up to that value.
Three to six slide sections were obtained for each specimen, with a mean section
area of 118 + 40 mm2 and a bone area fraction of 0.46 + 0.08 (Table 5.3). Both the
untested controls and specimens with only initial modulus measurement showed little
damage (Table 5.4), primarily at the outer edges of the sections, and was presumably
caused by machining damage during specimen preparation. Microdamage was observed
in the fatigue-tested specimens and was present as diffusely stained areas, single crack,
parallel cracks, cross-hatching, or complete fracture (Figures 5.10, 5.11, Appendix D).
The number of damaged trabeculae per unit area and the damaged area fraction
increased with increasing specimen compressive strain for each normalized stress level
(Table 5.4, Figure 5.12). There was a linear relationship between the damaged area
fraction (Y) and the number of damaged trabeculae (X) (Y = 0.026X - 0.107, R2 = 0.81).
Almost no damage was seen in the control specimens, and no significant differences were
observed between controls specimens that were untested and those with modulus
measurement only. The number of damaged trabeculae per unit area and the damaged
area fraction both increased with increasing strain from strain levels of about -0.8% to
-2.0%, and then were approximately constant between -2.0% and -2.5%. The total
number of damaged trabeculae per unit area and damaged area fractions were similar in
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specimens tested to the same maximum strain level at different normalized stresses
(Table 5.4; Figure 5.12). There was an increase in microdamage parameters with
decreasing EEo, but the reloading modulus was not as good a predictor of microdamage
parameters as maximum strain (p < 0.001, R2 = 0.4, typically) (example, Figure 5.13).
Multiple linear regressions showed that all microdamage parameters were best predicted
by the maximum strain, residual strain, secant modulus reduction, and the number of
cycles (Eqn 5.5, 5.6, 5.7).
Damaged Band Fraction = 0.33 + 0.107loglo(N) -0.406x + 0.462eres - 0.629EseEo
p < 0.05 for all slopes, intercept p = 0.06, R2 = 0.59 (5.5)
Damaged Trabeculae/Area = 0.23 + 0.117logio(N) -0.469 + 0.451 re - 0.614Ee,,E0
p < 0.05 for all slopes, intercept p = 0.06, R2 = 0.51 (5.6)
Damaged Area Frac. = 0.053 + 0.00451oglo(N) - 0.0173E,,, + 0.0156Ere, - 0.0129EseE 0
p < 0.05 for all slopes, intercept p = 0.06, R2 = 0.58 (5.7)
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Ao/Eo Strain Section Bone Bone Area
Area Area Fraction
(milm2)a (mln2 )b (mm2/m1n2 )c
Control 237 (46) 118 (30) 0.495 (0.060)
Modulus 245 (54) 111 (13) 0.470 (0.097)
0.008 -1.3% 153 (17) 72 (17) 0.471 (0.100)
0.008 -1.65% 160(20) 69 (5) 0.437 (0.085)
0.008 -2.0% 163 (11) 79 (10) 0.484 (0.036)
0.008 -2.5% 153 (18) 62 (9) 0.408 (0.053)
0.007 -1.3% 205 (40) 93 (21) 0.461 (0.094)
0.007 -1.65% 213 (44) 99 (29) 0.463 (0.095)
0.007 -2.0% 217 (37) 120 (31) 0.552 (0.072)
0.007 -2.5% 185 (19) 81 (32) 0.426 (0.134)
0.006 -0.8% 205 (45) 96 (33) 0.461 (0.093)
0.006 -1.1% 221 (42) 101 (20) 0.454 (0.026)
0.006 -1.3% 215 (28) 103 (20) 0.479 (0.057)
0.006 -1.65% 186 (14) 80 (8) 0.433 0.058)
0.006 -2.0% 212 (9) 90(19) 0.426 (0.080)
0.006 -2.5% 184 (24) 88 (12) 0.484 (0.069)
0.005 -0.8% 158 (25) 76 (15) 0.479 (0.072)
0.005 -1.1% 156 (11) 78 (7) 0.500 (0.057)
0.005 -1.3% 157 (19) 77 (6) 0.493 (0.041)
0.005 -1.65% 177(19) 84(11) 0.479(0.096)
0.005 -2.0% 158 (28) 65 (18) 0.404 (0.057)
0.005 -2.5% 180 (31) 73 (12) 0.407 (0.036)
atotal specimen area
btotal amount of bone in the section area
Cbone area divided by section area
Table 5.3: Average area measurements for 110 fatigue tests.
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At/Eo Strain Damaged Number of Damaged Area Percent
Band Damaged Fraction Fractured
Fractiona Trabeculae (nmm2/mm2 ) Trabeculaed
/Area (mm'2)b
Control 0 0.003 (0.005) 6E-05 (11E-05) 0
Modulus 0 0.002 (0.003) 2E-05 (5E-05) 0
0.008 -1.3% 0.141 (0.101) 0.152 (0.075) 0.0034 (0.0020) 0
0.008 -1.65% 0.264 (0.278) 0.292 (0.282) 0.0043 (O.C0044) 0.10 (0.22)
0.008 -2.0% 0.474 (0.377) 0.419 (0.303) 0.0101 (0.0100) 0.11 (0.25)
0.008 -2.5% 0.331 (0.349) 0.369 (0.368) 0.0067 (0.0065) 1.35 (2.75)
0.007 -1.3% 0.366 (0.157) 0.345 (0.118) 0.0057(0.0026) 0
0.007 -1.65% 0.248 (0.221) 0.296 (0.219) 0.0065 (0.0060) 0.28 (0.44)
0.007 -2.0% 0.482 (0.299) 0.619 (0.425) 0.0209 (0.0165) 0.64 (1.28)
0.007 -2.5% 0.509 (0.383) 0.588 (0.391) 0.0171 (0.0128) 1.88 (1.70)
0.006 -0.8% 0.085 (0.117) 0.096 (0.119) 0.0014 (0.0024) 0
0.006 -1.1% 0.284 (0.240) 0.300(0.204) 0.0063 (0.0052) 0
0.006 -1.3% 0.186 (0.117) 0.161 (0.097) 0.0040 (0.0033) 0
0.006 -1.65% 0.635 (0.130) 0.714 (0.343) 0.0142 (0.0054) 0.39 (0.86)
0.006 -2.0% 0.618 (0.191) 0.815 (0.182) 0.0173 (0.0056) 0.53 (0.76)
0.006 -2.5% 0.425 (0.328) 0.600 (0.454) 0.0186 (0.0150) 2.34 (2.55)
0.005 -0.8% 0.169 (0.186) 0.164 (0.146) 0.0028 (0.0032) 0.52 (0.74)
0.005 -1.1% 0.323 (0.242) 0.324 (0.228) 0.0088 (0.0067) 4.60 (5.52)
0.005 -1.3% 0.313 (0.345) 0.300(0.311) 0.0071 (0.0076) 1.88 (2.53)
0.005 -1.65% 0.494 (0.182) 0.538 (0.258) 0.0158 (0.0117) 1.11 (1.28)
0.005 -2.0% 0.499 (0.281) 0.517 (0.208) 0.0112 (0.0056) 5.20 (4.63)
0.005 -2.5% 0.643 (0.239) 0.707 (0.343) 0.0209 (0.0054) 5.78 (2.91)
atotal area of the localized regions of damage, normalized by specimen section
area
btotal number of trabeculae containing damage in the section, normalized by
specimen section area
Ctotal section area containing damage, normalized by specimen section area
dpercentage of total number of damaged trabeculae containing fractures
Table 5.4: Average microdamage parameters of 110 fatigue tests.
A weak but significant relationship was seen between damage parameters and the
normalized stress and number of cycles using the power law relationship
D=ka Eo )N (5.2)
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proposed by Martin (1992), where D is a damage parameter and k is the damage rate
coefficient. Using the number of damaged trabeculae per unit area as the damage
parameter, D, the damage rate coefficient, k, was 5.26x1016 (95% confidence interval,
7.88xl10' - 3.52x1021) and the exponent of the normalized stress term, q, was 8.70 (95%
CI: 6.52 - 10.89) (Figure 5.14a). Using damaged area fraction as the damage parameter
gave a damage rate coefficient, k, of 1.06x101 (95% CI: 1.76x105 - 6.37x1016) and an
exponent, q, of 6.84 (95% CI: 4.22 - 9.45) (Figure 5.14b). This relationship explained
more of the variance for the number of damaged trabeculae (R2 = 0.39) than it did for the
damaged area fraction (R2 = 0.22).
Of 110 fatigue specimens, there were four modulus reduction levels that had
sufficient numbers of specimens to compare the effect of number of cycles on other
properties (Table 5.5). There was no correlation between the numbers of cycles and
mechanical properties, including maximum strain, and residual strain for specimens
tested in fatigue to the same modulus reduction.
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Specimen E A/Eo Ema (%) N EEo
81F1 760 0.006 -2 130 0.83
117B1 1547 0.005 -1.3 129 0.83
113D1 1533 0.008 -1.65 33 0.83
107B 1 1621 0.008 -1.65 1 0.82
119B3 2114 0.008 -1.65 41 0.81
111B1 1855 0.006 -1.1 23 0.81
99C1 1874 0.007 -1.3 6 0.81
98B1 2992 0.008 -1.3 10 0.77
113A1 1646 0.005 -2 1568 0.77
111C2 1923 0.008 -1.3 1 0.77
95C2 1703 0.006 -1.1 34 0.77
103C1 1292 0.008 -2.5 7 0.77
121B2 1870 0.006 -1.3 5 0.77
106B2 1838 0.008 -2 9 0.76
105D1 1836 0.007 -1.65 100 0.75
102C2 3004 0.006 -1.3 90 0.62
115A4 2782 0.008 -2 17 0.62
89A1 1518 0.005 -1.65 3572 0.60
109A1 2504 0.007 -2.5 1144 0.60
1OOB 1 2944 0.008 -2 9 0.60
84A1 1180 0.006 -2 18 0.60
115A2 1984 0.006 -1.65 74 0.59
78C1 1506 0.006 -1.65 37 0.59
79C1 1061 0.005 -2 43 0.59
94A1 2125 0.006 -1.65 154 0.59
88A1 1730 0.006 -1.65 62 0.58
107D2 3762 0.005 -1.1 322 0.58
103B 1 3067 0.005 -1.3 2511 0.58
ll1D1 5457 0.005 -1.65 380 0.42
120C1 2354 0.007 -2.5 60 0.42
91F1 2355 0.005 -2 229 0.41
121C2 1807 0.007 -2.5 13 0.41
112C1 2011 0.005 -1.65 687 0.41
88A2 1591 0.005 -2.5 300 0.41
86A2 2716 0.006 -2.5 127 0.40
114B2 1975 0.008 -2.5 10 0.39
Table 5.5: Specimens tested to the same modulus reductions, with different maximum
strains, e, and numbers of cycles, N.
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Sixteen groups of specimens (25 total pairs) were tested to the same maximum
strain and modulus reduction at the same normalized stress level (Table 5.6,
microdamage parameters are listed in Appendix D). An increase in microdamage
parameters with increasing numbers of cycles was observed in approximately half of the
pairs, but there was too much scatter to draw definitive conclusions.
Ao/Eo Emax (%) E1E N (for each specimen)
1 2 3 4
0.005 -0.8 0.87 16 6250
0.008 -1.65 0.82 1 33 41
0.006 -1.1 0.81 23 465
0.008 -1.3 0.77 1 10
0.008 -2 0.76 9 22
0.007 -1.65 0.73 13 19
0.007 -1.3 0.70 22 26
0.007 -1.65 0.67 3 143
0.007 -2 0.64 48 453
0.008 -2 0.60 9 17
0.006 -1.65 0.59 37 62 74 154
0.005 -1.3 0.56 2581 3121
0.008 -2.5 0.53 4 4
0.006 -2.5 0.53 14 847
0.007 -2.5 0.41 13 60
0.005 -2.5 0.35 78 1125 4294
Table 5.6: Groups of specimens tested to the same normalized stress, a/Eo, and
maximum compressive strain, ,,, with different numbers of cycles, N.
For all normalized stress levels, the dominant pattern of damage was cross-
hatching (Figure 5.15). The proportions of parallel cracks and complete fractures
measured in specimens were higher in specimens tested at lower normalized stress levels
(and therefore higher numbers of cycles) than in specimens tested to high normalized
stresses (Figure 5.15). The proportion of single cracks declined with increasing
maximum strain, while the proportions of diffuse damage and cross-hatching did not
change with strain. Diffuse damage was rarely seen without accompanying microcracks.
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When diffuse damage was associated with microcracks, the pattern of damage was
classified according to the pattern of damage of the microcracks. Complete trabecular
fractures (where a distinct separation of the crack edges was seen) were observed in
specimens tested to low strains (< -1.1%) at low normalized stresses (al/Eo = 0.005),
while complete fractures were not seen until at least -2.0% strain in specimens tested at
higher normalized stresses (a/Eo = 0.005) (Figure 5.15a,b). Further analyses showed
that a threshold number of cycles existed for fractures to form at each maximum strain,
regardless of normalized stress, below which no trabecular fractures were present (Figure
5.16). This threshold for fractures increased with decreasing maximum strain on the
specimen. At high strains (e.g. -2.5%), fractures were observed in specimens fatigued for
fewer than ten cycles. In contrast, fractures are not observed in specimens loaded to
-1.1% until the specimen has been loaded to about one thousand cycles.
Approximately half of all damaged trabeculae contained cracks that extended
100% of the way across the trabeculae (Figure 5.17). These would include, but were not
limited to, trabecular fractures. The breakdown of number of damaged trabeculae per
area by extent of damage across the thickness did not change significantly with changes
in normalized stress; specimens loaded to other normalized stresses had breakdowns
similar to those observed in Figure 5.17.
Localized regions of damage were observed at strain levels of -1.1% and higher,
and a distinct band extending across the specimen was apparent by about -1.3% strain.
The fraction of the specimen containing damage increased rapidly with increasing
specimen strain until the strain was approximately -1.65%, then leveled off (Table 5.3,
Figure 5.18). At strains higher than -1.65%, the damage increased by increases in the
damage density within the band, not by increases in the size of the band.
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Figure 5.5: S-N curve for specimens at -1.3% strain. Open diamonds represent tests
stopped at -1.3% strain; filled triangles represent specimens tested to strains greater than
-1.3%. The data points plotted indicate the cycle number where -1.3% strain was
exceeded. There is a power law relationship between normalized stress and number of
cycles (N= 7.47 x 1022 (AoE0 )-10.4, R2 = 0.62).
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Figure 5.6: Bovine trabecular bone follows the Coffin-Manson law at low cycle
numbers. There is a power law relationship between the change in the change in plastic
strain in a single cycle, Aspl, and number of cycles for specimens tested to less than 100
cycles (filled diamonds) (sl = 0.691 N - ' ° , R2 = 0.82).
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Figure 5.7: Plot of modulus reduction, E/Eo, as a function of maximum compressive
strain, . (a) Data plotted by normalized stress. Data at each strain level spread for
clarity. (b) Pooled fatigue data. The data are linearly related (Y = 0.27X + 1.12,
p < 0.05, R2 = 0.48). The regression intersects the line E/Eo = 1 at e. = -0.44%.
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Figure 5.8: Plot of modulus reduction, E,,.e,/E, as a function of maximum compressive
strain, E,,. (a) Data plotted by normalized stress. Data at each strain level spread
slightly for clarity. (b) Pooled fatigue data. The regression intersects the line E,,,/Eo = 1
at 4,, = -0.64%.
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Figure 5.9: Plot of residual strain, e,, as a function of maximum compressive strain,
En. (a) Data plotted by normalized stress. Data at each strain level spread slightly for
clarity. (b) Pooled fatigue data. There is a linear relationship between residual strain
and maximimum strain (,., = 0.71,= + 0.39, p < 0.001, p < 0.05, R2 = 0.76). The
regression intersects the axis er, = 0 at , = -0.55%.
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Figure 5.10: Examples of damage patterns observed, including (a) diffusely stained area,
without visible cracks, (b) single crack, (c) parallel cracks, (d) cross-hatching,
(e) complete trabecular fracture, and (f) local region of damage in the specimen.
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Figure 5.12: Plot of total number of (a) damaged trabeculae and (b) damaged area
fraction vs. maximum compressive strain, ,. The numbers in the legend represent the
normalized stress level. Data at each strain level spread slightly for clarity.
Microdamage increases with increasing maximum strain, , after yield.
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Figure 5.13: Microdamage parameters increased with increasing modulus reduction
(decreasing E,/Eo). The data plotted shows number of damaged trabeculae per unit area,
but results are similar for other microdamage parameters.
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Figure 5.14: Plots of damage parameters showing the relationship between damage
parameters, normalized stress, a/Eo, and number of cycles, N. The damage parameter,
D, is: (a) number of damaged trabecular per unit area. (D/N = 5.26x10' 6(A/Eo) 87,
R2 = 0.39). (b) damaged area fraction. (D/N = 1.06x10"(zaoEo) 6 84, R2 = 0.22) A weak
but significant relationship is seen in both cases.
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Figure 5.15: Patterns of microdamage observed in bone specimens, tested to two
normalized stress levels. Number of specimens = 5 for each column. The numbers
above each column represent the average number of cycles, N, needed to reach the
maximum strain. (a) 3A/Eo = 0.008. No specimens were tested to strain levels less than
= -1.3% at this normalized stress. (b) Ao'E0 = 0.005.
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Figure 5.16: Plot of fraction of total trabeculae containing complete fractures. There is a
threshold number of cycles needed for fractures to form. This threshold increases with
decreasing maximum specimen strain, £e,, (arrows).
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Figure 5.17: Extent of damage across the trabecular strut, rounded to the nearest one-
quarter for specimens tested at a normalized stress of Aso/Eo = 0.005. Values were
estimated to the nearest quarter. The trabecular damage extends all the way across the
specimen approximately half the time. Relatively few cracks extend 75% of the distance
across the trabecula. Results are typical for other normalized stress levels.
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Figure 5.18: Progression of damage in typical sections. Each mark represents a damaged
trabecula. All specimens shown here were tested (when applicable) at the same
normalized stress level of Ao/E0 = 0.006. (a) untested control, (b) e," = -0.8%,
(c) Ea = -. 1%, (d) E,, = -1.3%, (e) e,I= -1.65%, (f) g = -2.0%, (g) ,n = -2.5%.
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5.4 Model Predictions
The model developed for bovine trabecular bone tested in compression (Chapter
4) was applied directly to the data from 110 fatigue-tested specimens (Figure 5.19). This
initial fit showed that the current model did not predict fatigue modulus losses as well as
it did modulus losses in monotonic compression-tested specimens for either the rod or
plate models, with the model only explaining approximately 40% of the variation in E,/Eo
(Table 5.7).
To improve the fit, the model was adapted at the specimen level to better describe
the general case of localized damage. In the initial model, all damage was assumed to
occur in a distinct band across the specimen, as was observed in the experimental
compression-tested specimens. Some specimens tested in fatigue showed this distinct
band, but many others showed a local region of damage that did not extend across the
specimen (Figure 5.20). In the initial estimate (Figure 5.19), all localized damage was
assumed to be a band across the specimen with the same damaged area as the measured
area. The equation for the final modulus, E', was extended from
E' 11 = (5.3)
Eo
Ltt(Eo )
in Chapter 4, to
E' = LE2( E 2d, +Eod ) (5.4)
Eo E d,1 +(E)djL+ E2E0(dJ4 + d1 +(dEd ) +d
where E' is the specimen damaged modulus, Eo is the initial modulus, E2 is the modulus
in the localized damaged region, Lo is the total specimen length, and LI, L2, L3, di, and d2
describe the size of the localized damaged area (Figure 5.20). The use of the general
case appeared to improve the predicted results at moderate modulus reductions (E/Eo
from 0.5 - 0.8) (Figure 5.21), but overall fit parameters were unchanged (Table 5.7).
The model did not appear to predict modulus reductions better when specimens loaded to
different normalized stress levels were examined separately (Figure 5.22).
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Closed-Cell (Plate) | Open-Cell (Rod)
Slope m Int. R2 RC2 Slope Int. R R 2 RC2
Monotonic 1.00* 0.01 0.82 0.81 1.13* -0.16* 0.83 0.75
(all specimens) (0.08) (0.05) (0.09) (0.06)
Monotonic 1.02* -0.02 0.85 0.84 1.14* -0.18* 0.85 0.75
(n = 31) (0.08) (0.05) (0.09) (0.06)
Fatigue 0.74* 0.17* 0.39 0.38 1.03* -0.20* 0.41 0.23
(Forced Band) (0.09) (0.07) (0.12) (0.09)
Fatigue 0.74* 0.21* 0.39 0.38 1.02* -0.11 0.42 0.31
(general) (0.09) (0.06) (0.12) (0.09)
Fatigue 0.83* 0.16* 0.38 0.34 1.15* -0.19 0.40 0.27
(no EE > 1) (0.10) (0.07) (0.14) (0.10)
* significantly different from zero (p < 0.05)
Table 5.7: Summary of model fit parameters for a variety of different cases discussed in
the text. Numbers in parentheses represent standard deviations. Data from monotonic
compression tests are included for comparison.
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Figure 5.19: Comparison of model parameters with experimental results. Values for the
monotonic tests (open triangles) are included for comparison. The solid line represents
perfect agreement between the predicted and experimentally measured values. The
correlation coefficient, R2, and the concordance correlation, R, ~, of the line Y = X were
determined. (a) Closed-cell, plate model. (Y = 0.74X + 0.17, R2 = 0.39, RC2 = 0.38)
(b) Open-cell rod model. (Y = 1.03X - 0.20, R2 = 0.41, RC2 = 0.23).
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Figure 5.20: (a) General case of localized damage from an unwaisted fatigue specimen.
Usually, damage forms (b) a band (L3 = 0) or (c) a patch of damage (L2 = 0).
Compressive loading occurs in the vertical direction.
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Figure 5.21: An improvement in model predictions was seen when the general equation
was used to determine modulus reduction due to localized damage (closed symbols). The
initial calculation (open symbols) assumed that damage always formed a distinct band.
The solid line represents perfect agreement between the predicted and experimentally
measured values. (a) Closed-cell, plate model (Y = 0.74X + 0.21, R2 = 0.39, Rc2 = 0.38).
(b) Open-cell rod model (Y = 1.02X - 0.11, R2 = 0.42, Rc2 = 0.31).
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Figure 5.22: Breakdown of model predictions by normalized stress level for the
(a) closed-cell and (b) open-cell model. The model predictions do not improve when
each normalized stress is examined separately.
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5.5 Discussion
This study examined mechanical property changes during compressive fatigue of
bovine trabecular bone and observed that the reloading modulus reduction, E,/Eo (Figure
5.7), the secant modulus reduction, EseEo (Figure 5.8), and the residual strain, Eres
(Figure 5.9), were linearly related to the maximum strain, H,. The fatigue behavior of
trabecular bone could be explained using the Basquin Law ((A/Eo)N = C), for all
specimens, or the Coffin-Manson Law (ptNb = C>), for specimens tested to less than
100 cycles. These relationships were independent of normalized stress, Ao/Eo, and
number of cycles, N, supporting a strain-based failure criterion for bone. The concept of
a strain-based failure criteria will be investigated further in the following chapter, which
studies the relationships between mechanical property changes and microdamage
accumulation in trabecular bone specimens tested in different loading modes, including
monotonic compression, compressive fatigue, and compressive creep (Pierce, 1999).
Regressions from this study predicted that minimum strain levels
(E,, :-0.5%)were necessary before changes were observed in the reloading modulus
(E,/Eo = I at E, = -0.44%, Figure 5.7b), the secant modulus (Ee,/Eo= at
c,, = -0.64%, Figure 5.8b), and the residual strain, (re, = 0 at , = -0.55%, Figure
5.9b). As well, microdamage is not observed at maximum strains below approximately
-0.5% (Figure 5.12). These results indicate that a threshold strain, or endurance limit,
exists, near -0.5%, below which no microdamage accumulates, and no mechanical
property changes are observed. Such a damage strain threshold was found at 4000 gl in
compressive fatigue tests of human cortical bone (Pattin et al., 1996). As well,
characterizations of the fatigue behavior of bovine trabecular bone (Guo, 1993; Guo et
al., 1994; Cheng, 1995; Appendix B; Figure 5.1) has shown evidence of a fatigue
endurance limit for bovine trabecular bone at a normalized stress level of about AOdEo = -
0.035 for compression.
At strains above the threshold strain, loading bovine trabecular bone in fatigue
produces changes in mechanical properties throughout the test, including increasing
modulus reduction, Ese,/Eo and increasing plastic strain accumulation, re,, throughout the
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test (Figure 5.3). As the specimen neared failure, modulus reductions per cycle and
strain accumulation per cycle increased dramatically and failure occurred rapidly after a
modulus loss of approximately 10 - 15%, and maximum strains of approximately -0.8%
(Figure 5.4). The slope of the S-N curves for specimens loaded to different maximum
strains were similary, because all the maximum strains chosen occurred beyond the
"knee" of the modulus reduction versus number of cycles curve (Figure 5.4), when
failure was imminent.
Differences in the slope of the S-N curves for different strains may also not have
observed due to the amount of scatter in the data. There were typically two, and up to
three orders of magnitude of scatter in the S-N curve (Figure 5.5). Considerable scatter,
however, is also present in fatigue tests of traditional engineering materials, with a
considerably less complex architecture than trabecular bone. For example, Figure 12.10
in (Hertzberg, 1989), shows scatter of approximately two orders of magnitude for a solid
aluminum alloy. Low cycle fatigue (N < 100 cycles) followed the Coffin-Manson law,
with a power law relationship between the change in plastic strain in one cycle, Acpl, and
the number of cycles, N (Figure 5.6). A transition exists between low cycle fatigue
(dominated by plastic strain) and high cycle fatigue (dominated by stress, see Figure
5.5). Results from the plastic strain-based Coffin-Manson law suggest that this transition
occurs at approximately 100 cycles (Figure 5.6), but there is too much scatter in the data
to determine where the transition occurs in the stress-based plot (Figure 5.5). Additional
tests at low normalized stresses and high numbers of cycles are necessary to identify the
cutoff between stress- and strain-controlled fatigue. We observed less scatter in the data
when the strain amplitude, tpl, was used to plot fatigue results (R2 = 0.82) and more
scatter when the stress amplitude was used (R2 = 0.62). However, we did not observe
any relationships between strain amplitude and microdamage parameters.
In five fatigue-tested specimens, the value of reloading modulus, E,, increased
during the test (Figure 5.7, 5.8, Table 5.2). This occurred in specimens tested at the two
lowest normalized stresses, AaEo = 0.006 and A/Eo = 0.005, to low strains, ,, =
-0.8% and E£, = -1.1%. We believe this occurred because the initial specimen modulus,
Eo, was underestimated in the original measurement. In these specimens, the loading
modulus of the first fatigue cycle, El, was larger than the initial modulus, Eo, and the
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modulus increased over subsequent cycles until a plateau value near the reloading
modulus, E,, was reached after usually 5-10 cycles. Microdamage accumulation in all
five specimens was negligible, so we assume that little, if any, changes in mechanical
properties took place. Underestimation of initial modulus may have also occurred in
other specimens; however, preliminary analysis has not indicated this.
Microdamage observations in fatigue-tested specimens showed similar patterns of
cracking for as those observed in specimens tested in uniaxial compression (Figure 5.11).
As in those tests, little damage is present in vivoa, as observed in the control specimens.
Damage observations in control specimens were seen on the outer surface of the
specimen and most likely occurred during specimen preparation. The unwaisted fatigue
specimens had less damage present before testing than the waisted cylindrical specimens
used for monotonic compression testing, probably because waisting the specimens on a
lathe created additional damage.
All microdamage parameters increased with increasing maximum specimen strain
after yield (Figure 5.12) and also increased with increasing modulus reduction, E,/Eo
(Figure 5.13). Microdamage parameters were best explained by the maximum
strain, Ea,, residual strain, ,, secant modulus reduction, Ee,/Eo, and the number of
cycles, N. No significant differences in total amounts of microdamage were observed in
specimens tested to the same maximum strain at different normalized stresses. However,
as hypothesized by Martin (1992), a weak but significant relationship was found when
microdamage was taken to be a function of normalized stress and number of cycles
(Figure 5.14). This relationship has implications for physiologic loading, as human bone
is loaded in vivo for a relatively large number of cycles at very low strains (or normalized
stresses). According to this relationship, normal physiologic damage accumulation per
cycle will be considerably less than that observed in this study.
While we observed no relationship between total microdamage accumulation and
normalized stress level, some differences were noted when the damage was broken down
by damage patterns. With decreasing normalized stress, Ad/Eo, the average number of
cycles increases (Figure 5.4), allowing opportunities for crack initiation and growth in
later cycles. Increased opportunities for crack initiation were expected to decrease the
proportion of single cracks seen in specimens tested to a large number of cycles, which
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was observed (Figure 5.15). Crack growth in later cycles was expected to increase the
proportion of trabecular fractures in specimens tested to high numbers of cycles, which
was also observed (Figure 5.15) and to increase the proportion of damaged trabeculae
containing cracks across the thickness in those specimens (100% of the way across the
thickness), which was not observed (Figure 5.17). The presence of trabecular fractures
was associated with a threshold number of cycles, below which no fractures were
observed. This threshold increased with decreasing maximum strain (Figure 5.16). For
example, trabecular fractures were observed in specimens tested to -1.1% strain, but only
in those specimens loaded for more than 1000 cycles.
Overall, the progression of microdamage accumulation with increasing strain
(Figure 5.18) was similar to observations made in specimens tested in uniaxial
compression (Chapter 3, Figure 3.11). On loading to low strain levels, little change in
modulus with increasing cycles was measured, and correspondingly little damage was
observed. However, small cracks did form at low strains (Figure 5.18). Microdamage
began to accumulate by strain levels of -0.8%. These cracks grew in subsequent cycles,
leading to a slow accumulation of damage and even trabecular fracture in a local area.
Eventually, the specimen reached a critical point, where microdamage accumulation (and
specimen strain) began to increase rapidly (Figure 5.4). At that point, the damage band
began to form then elongated and the damage within the band densified. During this
time, complete trabecular fractures were observed. Once the complete fractures extended
across the specimen cross-section, specimen fracture had occurred.
The specimen geometry used for fatigue tests was an unwaisted cylindrical
specimen, while previous tests used waisted cylindrical specimens. Damage and failure
were confined to the gauge length in the waisted specimens; in contrast, damage may
occur anywhere along the cylinder in unwaisted specimens, including near the specimen
ends. The unwaisted cylinder was glued into brass end caps to minimize end effects, then
the end caps were removed after testing by cutting the bone flush with the end caps.
Some damage may have been present outside of the region cut out for microdamage
analysis, but less than 3 mm of bone was removed from either end of the specimen, and
the cut ends were glued in place and are expected to be stiffer than the rest of the
specimen.
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Considerably more scatter was seen in fatigue-tested specimens than in the
monotonic compression samples analyzed previously (Chapter 3). Because only five
specimens were tested at each combination of normalized stress and maximum strain, it
was difficult to draw statistically significant conclusions from these data. Power analysis
from the monotonic compression study indicated that more than twenty-five specimens
would need to be tested for each category to achieve statistical significance; we expect
that similar numbers of specimens would be needed for a comparable fatigue analysis.
Microdamage analysis for so many specimens would be prohibitive. We feel that the
initial study performed here shows the progression of microdamage and identifies areas
to be studied in more detail in later work.
We previously developed a model to predict changes in modulus based on
observed microdamage parameters in monotonic compression-tested specimens (Chapter
4). This model was applied to specimens tested in compressive fatigue. The correlations
between model predictions and experimental results were significant, but weaker than
that obtained for monotonic compression-tested specimens (Rc2 = 0.38 versus R2 = 0.81
for the closed-cell model) (Figure 5.19). Modifications to the model did not improve the
predictions (Figure 5.21). Specimens loaded in fatigue showed considerably more
scatter in the experimental data, so it is not unexpected that the model predictions also
show more scatter. However, the model consistently underpredicted actual results at low
modulus reductions and overpredicted actual modulus reductions in specimens with large
amounts of damage. These trends were also observed when the model predictions were
compared to specimens tested in monotonic compression (Chapter 4).
The model underpredicted modulus reductions at modulus reductions near
E,/Eo = 1. The model assumptions required that microdamage be present for a modulus
reduction to occur; no observed microdamage resulted in no predicted change in
modulus. Other studies have not observed microdamage until 15 - 30% of the original
modulus has been lost (Burr e al., 1998). Presumably, this initial modulus reduction
occurs as a result of another mechanism not observable by light microscopy. This
inability to predict small modulus reductions is a serious limitation of the model. In
specimens tested to higher modulus reductions, where significant microdamage was
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present, some damage may have been present outside the region used for microdamage
analysis, which could also explain some of the underprediction.
The model also overpredicted modulus reduction at high modulus reductions. We
assumed that the observed damage extended through the depth of the trabeculae, based on
our two-dimensional observations of damage. Therefore, any crack that was observed to
extend across the entire trabecula was assumed to completely eliminate the load-carrying
capacity of that strut. However, it is likely that some of these cracks do not extend all the
through the depth of the trabeculae (in three dimensions) and the strut retains some load-
carrying capacity, particularly in compressive loading. Thus, the actual modulus
reduction, EEo, will be larger than that predicted by this model. As well, even
completely fractured trabeculae may retain some load-carrying capacity in compression,
when the crack surfaces are in contact.
Observations of fatigue-damaged specimens showed a relationship between
number of cycles and microdamage parameters for fatigue-tested specimens (Figure
5.14). The relationship between modulus reduction and number of cycles was less
strong, and we found no evidence to support a relationship between modulus reduction
and normalized stress level for a given strain (Figure 5.7). As well, modulus reduction
showed a small but significant dependence on density-related parameters (relative
density, p /,, and initial modulus, Eo), while microdamage parameters were not
dependent on density. This suggests that different damage formation mechanisms are
present in different loading modes, and no generalized model can predict modulus
reduction based solely on microdamage observations. As well, both modulus reduction
and microdamage parameters depend on maximum strain and number of cycles, neither
of which are accounted for in this model.
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Chapter 6: Comparison of Microdamage Accumulation in Specimens
Tested in Different Loading Modes
Abstract
Specimens were tested in a variety of loading modes (uniaxial compression,
fatigue, and creep (Pierce, 1999)) and mechanical properties and microdamage
parameters were measured. The original analysis, described in the previous chapters,
attempted to classify microdamage based on maximum compressive strain and modulus
reduction. Changes in mechanical properties and microdamage accumulation were
compared in specimens tested in different loading modes, including monotonic
compression, compressive fatigue at different normalized stress levels, and compressive
creep (Pierce, 1999). In general, relationships between mechanical properties and
microdamage accumulation were similar for specimens tested to the same maximum
strain in different loading modes. No changes in mechanical properties and no
microdamage accumulation was observed at low strains. Residual strain after testing was
significantly higher in fatigue-tested specimens than in either monotonic or creep
specimens. Microdamage was significantly higher in fatigue specimens at strains near
yield.
6.1 Intfidution
During the activities of daily living, bone is loaded in a variety of ways, including
static loading, repetitive activities at high and low physiologic loads, and isolated
instances of overloads. The load levels, loading rates, and frequency of occurrences
varies. However, all loading types have been shown to cause damage in the form of
reduced mechanical properties and microdamage accumulation in cortical and trabecular
bone. We are not aware of any studies comparing microdamage accumulation
parameters in trabecular bone specimens tested in different loading modes.
There is some evidence that a relationship exists between mechanical properties
and loading parameters. A weak power law relationship (exponent of 0.05 - 0.07) has
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been observed between stiffness and strain rate, and between strength and strain rate
(Carter and Hayes, 1977c; Linde et al., 1991) in bovine trabecular bone. However,
fatigue studies of cortical bone have suggested that there is increased damage formation
at high strain rates (Schaffler et al., 1989). McCubbrey et al. (1990) found that the
failure of whole human vertebrae tested in static and fatigue loading configurations were
best predicted by density measurements from different localized regions of the vertebrae,
suggesting that local failure in monotonic compression and fatigue depends on different
components of bone architecture. These studies described mechanical property changes
with loading mode but did not examine microdamage accumulation.
Our study of fatigue microdamage (Chapter 5) showed an increase in damage
with increasing normalized stress and number of cycles (Figure 5.12). However, we did
not observe a relationship between microdamage and number of cycles in specimens
tested to the same modulus reduction, although we expected that microdamage would
continue to increase in later cycles. Based on our fatigue results and strain rate
observations, we expect that specimens tested at high normalized stress and high strain
rates (monotonic compression, low cycle fatigue) will have more microdamage
accumulation than specimens tested at lower normalized stresses and strain rates (creep,
high cycle fatigue).
The original analyses, described in Chapters 3 and 5, classified microdamage
based on maximum compressive strain and modulus reduction for specimens tested in
uniaxial compression and compressive fatigue. As well, mechanical property and
microdamage data were available from a preliminary study of microdamage
accumulation in bovine bone specimens tested in compressive creep (Pierce, 1999). This
chapter compares microdamage parameters and mechanical properties for specimens
tested in different loading modes, including uniaxial compression, high and low cycle
compressive fatigue, and compressive creep.
We asked the following questions: (1) Does loading mode affect the mechanical
properties of specimens tested to the same maximum strain or modulus reduction?, and
(2) Does loading mode affect microdamage accumulation in specimens tested to the same
maximum compressive strain or modulus reduction in different loading modes?.
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t6.2 Materials and Methods
Specimens were tested in three different loading modes: uniaxial compression,
compressive fatigue, and compressive creep (Table 6.1). All compression (n = 38) and
creep (n = 13) tests were performed using waisted cylindrical specimens of bovine
trabecular bone taken from the proximal tibia (Keaveny et al., 1994a). Fatigue tests
(n = 110) were performed on unwaisted cylindrical specimens of bovine trabecular bone
taken from the proximal tibia, using a modified version of the specimen geometry
developed by Keaveny et al. (1997). All bone specimens were glued into brass end caps
to minimize end effects. Because of the differences in specimen geometry, specimens
may contain differences in microdamage that are a result of changes in experimental
techniques and specimen geometries instead of resulting from changes in loading mode
(Linde et al., 1992). All specimens have similar diameters of approximately 6.0 mm
(actual values varied within 5%), so size effects are not anticipated to be large.
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Loading £ma, (%) Number Loading Em, (%) Ao/E Number
Type Type_ _
Monotonic 0.0 4 Fatigue Control 5
Monotonic -0.4 2 Fatigue Modulus 5
Monotonic -0.8 2 Fatigue -1 .3 0.008 5
Monotonic -1.1 5 Fatigue -1.65 0.008 5
Monotonic -1.3 5 Fatigue -2.0 0.008 5
Monotonic -2.0 5 Fatigue -2.5 0.008 5
Monotonic -2.5 5 Fatigue -1.3 0.007 5
Monotonic -3.0 5 Fatigue -1.65 0.007 5
Monotonic -4.0 5 Fatigue -2.0 0.007 5
Creep -0.45 1 Fatigue -2.5 0.007 5
Creep -1.1 4 Fatigue -0.8 0.006 5
Creep -1.3 2 Fati ue -1.1 0.006 5
Creep -2.0 3 Fatigue -1 .3 0.006 5
Creep -2.5 2 Fati gue -1 .65 0.006 5
Creep -3.6 1 Fatigue -2.0 0.006 5
Fatigue -2.5 0.006 5
Fatigue -0.8 0.005 5
Fatigue -1.1 0.005 5
Fatigue -1.3 0.005 5
Fati gue -1.65 0.005 5
Fatigue -2.0 0.005 5
Fatigue -2.5 0.005 5
Table 6.1: Overview of all tested specimens, including monotonic compression,
compressive creep, and compressive fatigue tests.
All specimens were radiographed, and test specimens were selected such that the
specimen axis corresponded with the trabecular orientation. Specimens were kept moist
throughout the specimen preparation process, and kept frozen at -18°C between
processing steps. Before testing, the diameter of each specimen was measured six (6)
times with a digital calipers and the cross-sectional area was calculated.
Prior to testing, all specimens were stained with a chelating fluorochrome, which
labeled all damage present in ivo as well a that created during specimen preparation.
Specimens were stained overnight at room temperature -and pressure with either
oxytetracycline (n=7, all monotonic compression tests) or alizarin complexone
(remainder of tests).
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All compression and fatigue tests were performed in a servohydraulic testing
machine (Instron Corp., Canton MA). Details of monotonic compression and fatigue
testing can be found in Chapters 3 and 5 respectively. Specimens undergoing monotonic
compression tests were loaded in strain control at 0.5%/sec to one of nine (9)
predetermined strains (Table 6.1) and unloaded to zero strain at the same strain rate.
Mechanical properties measured included the initial modulus, Eo (measured as the slope
of the loading curve from -0.1% to -0.4%), the secant modulus, E,,,, the maximum strain,
ia, and the residual strain at zero load, re~,.
Fatigue tests were performed in a servohydraulic testing machine (Instron Corp.,
Canton MA) with the specimen placed between two platens (one fixed, one self-
aligning). The specimens were pre-conditioned for ten (10) cycles in strain control from
0.0% strain to -0.3% strain, and the initial modulus, Eo, was measured. The specimen
was then fatigued in load control at 2.0 Hz to one of four normalized stresses and stopped
when a predetermined maximum compressive strain, E,,, was reached. After testing, the
reloading modulus, E,, was measured as the slope of the loading curve during a single
compression cycle from 0.0% to -0.3% strain. Mechanical properties measured included
the initial modulus, Eo, the maximum strain, elf, the residual strain after testing. Er,,, and
the reloading modulus, E,.
Thirteen compressive creep tests were performed in a separate study (Pierce,
1999). The initial modulus, Eo,, of creep specimens was measured non-destructively in a
servohydraulic testing machine under displacement control prior to creep loading. The
initial modulus, Eo, was defined as the slope of the loading curve from -0.1% to -0.4%.
All creep tests were performed in a custom designed jig that placed a static load on the
specimen. A miniature extensometer measured strain throughout the test. When the
specimen reached a predetermined strain, or was about to fracture, the load was removed
(Figure 6.1). Mechanical properties measured included the initial modulus, Eo, the time
to stop, t,,,p, the maximum strain, ,, and the residual strain after unloading, ,..
After all tests, the loaded portion of the specimen was removed (either the
nominal waisted region, in the case of waisted specimens, or the entire bone specimen
between the end caps, in unwaisted specimens) from the end caps with a diamond saw
(Isomet Low Speed Saw, Buehler, Lake Bluff IL), and the marrow was removed from the
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cut ends. The specimen was stained overnight in a second fluorochrome (calcein (green)
in most cases; xylenol orange was used in 4 of the 7 monotonic compression tests stained
originally with oxytetracycline; the other 3 tests stained with oxytetracycline did not have
a second stain, but the oxytetracycline diffused into all cracks, allowing microdamage
observations). The specimens were then dehydrated in ethanol, embedded in poly(methyl
methacrylate), and cut into thin sections on a diamond saw. Section areas were measured
from projections of the entire section (ImageTool 1.25, UTHSCSA, San Antonio TX),
and the bone area fraction was measured by thresholding techniques, as described in
previous chapters.
Several microdamage parameters were measured in each specimen, including
damaged area fraction, number of damaged trabeculae (including patterns of damage and
extent of damage across the thickness), and size of the localized damage band. As well,
number and length of individual cracks were counted in the uniaxial compression and
creep specimens. Individual cracks were not counted in fatigue specimens. Values for
the size of the damaged band were not compared between fatigue-tested specimens and
other loading modes due to differences in specimen geometry. To avoid interuser bias,
all microdamage parameters were measured by the same investigator, which included
re-measurement of microdamage parameters in all creep specimens.
Specimens tested to the same maximum strain or the same modulus reduction in
different loading modes (uniaxial compression, creep, and fatigue) were compared to
determine if there was a difference in mechanical properties or microdamage
accumulation based on loading mode. Fatigue specimens tested at different normalized
stresses were compared to each other in Chapter 5; in the cases where no significant
differences were found, the data were pooled. Microdamage parameters, including
number of damaged trabeculae, damaged area fraction, crack number, and crack length)
for fatigue, creep, and monotonic compression specimens tested to the same strain were
compared using t-tests when sufficient specimens were available for analysis. Multiple
linear regressions were performed eon monotonic and creep data, and the results were
compared to multiple linear regressions performed previously on fatigue-tested
specimens (Chapter 5).
184
-3
-2.5
-2
I. -1.5
U)
-1
-0.5
n
0 200 400 60u 800 1000
Time (s)
Figure 6.1: Typical creep test, specimen 65E, loaded at Aa/Eo = 0.0082 to ,,, = -2.5%
strain. The specimen shows typical creep behavior, with a primary, secondary, and
tertiary regime. A residual strain, Er,,, was present on unloading.
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6.3 Results
The stress-strain curves for monotonic compression and cyclic loading in fatigue
were shown in Figure 3.1 and Figure 5.3 respectively. A typical creep curve, taken from
Pierce (1999), is shown in Figure 6.1. Mechanical properties and microdamage
parameters were measured for monotonic compression (Appendix C), fatigue (Appendix
D), and creep (Table 6.2, 6.3, 6.4). Creep microdamage parameters were re-measured by
the author to avoid bias from different operators. There were no significant differences in
the mean initial moduli, Eo, between monotonic compression specimens (2.60 + 1.21
GPa), fatigue specimens (2.07 ± +0.79 GPa), and creep specimens (2.89 ± 0.93 GPa)
(p > 0.05). The specimen geometry used for creep and monotonic compression
specimens had a greater section area (312 +± 70 mm2 for monotonic compression,
367 + 70 mm2 Ior creep, p > 0.05) than
However, the bone area fractions were
(compression, 0.43 + 0.09; fatigue, 0.46
that used for fatigue specimens (188 ±40 mm2 ).
not significantly different between loading types
+ 0.08; creep. 0.47 ± 0.04, p > 0.05).
Specimen Eo (GPa) A/EO Emx (%) res (%) Section Area
(mm2) a
57B 3.140 0.0081 -0.45 0 271.91
67B 1.909 0.0090 -1 -0.37 508.73
82B 1.810 0.0065 -1.08 -0.23 303.50
78A 3.250 0.0065 -1.08 -0.29 365.25
79F 4.660 0.0040 -1.09 -0.36 310.74
81B 2.450 0.0055 -1.29 -0.27 407.11
84B 2.670 0.0060 -1.4 -0.29 362.70
83C 3.380 0.0070 -1.92 -0.52 472.75
85B 2.920 0.0055 -2.11 -0.97 387.23
72A 4.400 0.0082 -2.19 -0.37 314.78
65E 2.590 0.0082 -2.46 -0.46 329.28
80B 1.440 0.0065 -2.56 * 311.46
82G 3.000 0.0065 -3.6 -0.91 419.26
*data acquisition error; no measurement taken
atotal specimen area
Table 6.2: Mechanical property data for all creep tests (Pierce, 1999).
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Specimen Damage Damaged Damaged Cr.Num. Cr.Len. Mean Cr.Len.
Band Trabeculae Area /Area /Area (gim)
Length /Area Fraction (mm2) (gIm/mm)
(mm) (mm-2) (mm2/mm2)
57B 0.000 0.023 0.0002 0.06 4.95 89.80
67B 0.000 0.008 0.0003 0.03 2.78 88.52
82B 4.356 0.145 0.0033 0.70 59.64 84.98
78A 0.194 0.022 0.0010 0.14 13.74 100.41
79F 0.669 0.064 0.0020 0.31 30.62 99.11
81B 2.406 0.162 0.0052 0.95 79.90 84.49
84B 0.880 0.077 0.0013 0.35 30.22 87.00
83C 6.047 0.503 0.0174 4.58 351.75 76.84
85B 2.512 0.168 0.0057 1.31 134.97 102.68
72A 3.489 0.705 0.0224 6.52 478.24 73.33
65E 7.077 0.371 0.0234 7.44 555.50 74.69
80B 3.423 0.363 0.0046 2.20 136.42 61.94
82G 3.929 0.172 0.0065 2.02 138.47 68.38
'length of the section of the specimen containing damage
htotal number of trabeculae containing damage in the section. normalized by
specimen section area
Ctotal area of the localized regions of damage, normalized by specimen section
area
dtotal number of cracks in the specimen, normalized by specimen section area
Ctotal length of cracks in the specimen, normalized by specimen section area
fCr.Len./Cr.Num.
Table 6.3. Microdamage data for all creep tests.
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Specimen Single Parallel Cross-Hatch Fracture 25% 50% 75% 100% Total
57B 2 3 3 0 4 2 0 2 8
67B 1 1 I 1 2 1 0 1 4
82B 9 6 29 0 18 8 2 16 44
78A 3 0 5 0 3 1 1 3 8
79F 3 0 17 0 5 4 3 8 20
81B 10 5 51 0 23 16 8 19 66
84B 9 6 13 0 12 9 I 6 28
83C 9 8 218 3 55 52 40 91 238
85B 7 1 58 0 11 21 7 26 65
72A 11 12 199 0 65 45 18 94 222
65E 9 13 100 0 32 19 10 61 122
80B 14 10 89 0 30 30 13 40 113
82G 7 5 60 0 21 24 10 17 72
Table 6.4: Breakdown of number of damaged trabecula for all creep tests. by patterns of'
damage and by the extent of the damage across the trabeculae thickness, rounded to the
nearest quarter.
Modulus reductions increased with increasing strain magnitude. ,,,,,. and the
modulus reductions were similar for specimens tested to the same maximum strain. ,,,,.
in uniaxial compression and fatigue (Figure 6.2). The reloading modulus, EE,l,, was not
measured for creep specimens. Few significant differences were observed in the modulus
reductions of fatigue-tested specimens loaded to the same strain at different normalized
stresses (Chapter 5), so the data was pooled for each value of maximum strain. ,,,U,.
Monotonic regressions were plotted for all data and over the same range of data available
for fatigue specimens (excluding ,,, > -2.5%). Modulus reduction was linearly related
to maximum compressive strain for specimens tested in compression and fatigue
(monotonic compression: Y = 0.23X + 1.02, p < 0.05. R2 = 0.77; monotonic compression
excluding specimens tested to strains greater than -2.5%: Y = 0.34X + 1.18, p < 0.05. R2
= 0.78; fatigue: Y = 0.27X + 1.12, p < 0.05, R = 0.48). Multiple linear regressions
showed that monotonic secant modulus reduction had a small but significant dependence
on initial modulus, E, and relative density, p/p,, but the fit parameters improved only
slightly (E,,,e/E = 0.817 - 0.086E( + 0.23e,,, + 1.101 p/p), R = 0.86). Multiple linear
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regressions for fatigue tested specimens did not show a significant relationship between
reloading modulus reduction and initial modulus but did find relationships between
modulus reduction and normalized stress and between modulus reduction and number of
cycles (Eqn. 5.3, R2 = 0.73). Three significant differences were found in modulus
reductions between the unpooled fatigue specimens and monotonic compression
specimens tested to the same maximum strain, all for specimens tested to -2.0% strain.
The modulus reductions, E,/Eo, for the pooled fatigue data were not significantly different
from the monotonic compression modulus reductions, E, ,aEo, except at -2.0% strain. As
discussed in Chapter 5, minimum strain thresholds existed at approximately H, = -0.5%,
below which we do not expect to see damage. The threshold for monotonic compression-
tested specimens was lower than that for fatigue-tested specimens (E,/Eo = 1 at
,,, = -0.44% for fatigue, at ,, = -0.09% for compression, ,,,, = -0.52% for monotonic
compression excluding strains greater than -2.5%).
The residual strain, re. was similar for specimens tested in monotonic
compression and creep to the same maximum strain, ,,,,. Considerable hysteresis was
observed in fatigue-tested specimens, and the residual strain was significantly higher in
magnitude for both pooled and unpooled fatigue specimens compared with the monotonic
and creep specimens tested to the same maximum strain (Figure 6.3a). Slope and
intercept results for residual strains of fatigue tests tested to different numbers of cycles
or for specimens tested at different normalized stresses were not significantly different,
so results were pooled (Figure 6.3b). The residual strain, re, was linearly related to the
maximum strain, E,,,, for specimens tested in fatigue (Y = 0.71X + 0.39, p < 0.05, R2 =
0.76), monotonic compression (Y = 0.43X + 0.33, p < 0.05, R2 = 0.83, excluding strains
greater than -2.5 %, Y = 0.3 1X + 0.17, p < 0.05, R2 = 0.74) and creep (Y = 0.26X + 0.003,
R2 = 0.65) (Figure 6.3b). Additional input parameters did not improve the regressions
significantly in monotonic compression- or creep-tested specimens, but fatigue-tested
specimens showed a small dependence on initial modulus and relative density
(e,, = 0.747,,,+ 65.2(Ao/Eo) + 0. 121Eo - 0.213, R2 = 0.84). Residual strains also
increased with increasing modulus reductions for specimens tested in monotonic
compression and fatigue. The threshold residual strain level was comparable in fatigue-
tested specimens (Ea.x = -0.55%) and in monotonic compression-tested specimens
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(6 = -0.77%, e,, = -0.55% when strains greater than -2.5% are excluded).
Regressions were not plotted for creep-tested specimens, as only 13 specimens were
tested. Weak linear relationships existed between residual strain, Eres, and modulus loss,
E/Eo (Figure 6.4). Specimens tested in compression (Y = 1.43X- 1.36, p<0.05,
R2= 0.64) were associated with smaller residual strains at a given modulus loss than
pooled fatigue-tested specimens (Y = 1.04X - 1.50, p < 0.05, R2 = 0.25) (Figure 6.4).
Microdamage increased with increasing maximum strain, ,, and increasing
modulus reduction, E/Eo (Figures 6.5, 6.6, 6.7). Damage was observed in specimens
tested in all loading modes when the specimens exceeded yield (Figures 6.5, 6.6). The
same patterns of damage (diffuse regions of staining without distinct microcracks, single
cracks, parallel cracks, cross-hatching, and complete fractures) were observed in all
loading modes, including creep (see Figure 3.4, 5.9). Progression of damage with
increasing maximum strain, ,,, followed the same sequence in specimens tested in all
loading modes: damage began at random locations, then tended to localize around
previously damaged trabeculae, and coalesced to form a localized band of damage that
grew and densified until specimen fracture (Figure 3.10, 5.16). Both the number of
damaged trabeculae and the damaged area fraction increased with decreasing modulus
loss (Figure 6.7). It was difficult to draw conclusions from the data, including
regressions, due to the large amount of scatter in the data. The average mean crack
length was not significantly different (p<0.05) for specimens tested in monotonic
compression (78.4 + 16.1 #m; n = 38) and creep (84.0 + 12.6 am; n = 13), and the crack
length frequency distribution of specimens tested in compressive creep were similar to
that of specimens tested to the same maximum strain in monotonic compression (Figure
3.9a, Figure 6.8). Crack numbers and lengths were not measured in fatigue specimens.
All microdamage parameters increased with increasing strain for fatigue, creep
and monotonic compression specimens at strains greater than the yield strain of
approximately -0.7% (Figure 6.5, 6.6). There were few statistically significant
differences in the number of damaged trabeculae per unit area in specimens tested in
fatigue, monotonic compression, and creep; most differences were among the fatigue
specimens (Figure 6.5a). Specifically, we observed significant differences in seven of
sixteen comparisons between unpooled fatigue specimens (three of which were at the two
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lowest strains and the two lowest normalized stresses) and one of fourteen comparisons
between fatigue specimens and creep specimens (AcEo = 0.008 at , = -1.3%).
Statistically significant differences were observed in the number of damaged trabeculae
per unit area at all but one strain level (-1.3%) between the pooled fatigue specimens and
monotonic compression specimens and at two of the four strains (-1.1%, -2.5%)
compared between the pooled fatigue data and the creep data (Figure 6.5b).
Regressions of microdamage parameters found that microdamage parameters in
fatigue-tested specimens were best explained by the maximum strain, residual strain,
secant modulus reduction, and the number of cycles (see Chapter 5: Damaged Band
Fraction: R2 = 0.59, Number of Damaged Trabeculae/Area: R 2 = 0.53, Damaged Area
Fraction: R2 = 0.58, Eqn. 5.5, 5.6, 5.7). Some microdamage parameters (damaged area
fraction, crack number, and crack length) in monotonic compression-tested specimens
were best explained by the residual strain, r,, and the initial modulus, E,, while others
(damage band length, number of damaged trabeculae per unit area) were better explained
by the modulus reduction, E,,/Eo, and the relative density, p/p,. The maximum strain
was a significant predictor of microdarnage accumulation for all microdamage
parameters, but multiple regressions using maximum strain explained ten to fifteen
percent less of the variation than the regressions shown below (Eqn. 6.1-6.5). There were
too few creep-tested specimens available (n = 13) to make significant predictions.
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Damaged Area Fraction = -0.0108 + 0.0045Eo - 0.016ees
p < 0.05, R2 = 0.74 (6.1)
Cr.Num./Area = -5.55 + 1.58Eo - 9.59res
p < 0.05, R2 = 0.71 (6.2)
Cr.Len./Area = -393 + 124E - 612£r,,
p < 0.05, R2 = 0.74 (6.3)
Damage Band Length = 3.37 + 4.67p'/p, - 5.29E,sEo
p < 0.05, R2 = 0.72 (6.4)
Number of Damaged Trabeculae/Area = 0.202 + 0.706p/p,. - 0.517 Ese/Eo
p < 0.05 for all slopes, intercept p = 0.07, R2 = 0.69 (6.5)
There were no statistically significant differences between damaged area fractions
in unpooled fatigue specimens tested to the same strains and monotonic compression and
creep specimens. (Figure 6.6a). However, we found statistically significant differences
between the pooled fatigue damaged area firaction and the damaged area fractions for
both monotonic compression and creep specim;ens at strains of e,x = -0.8% and
E£m = -1.1% (Figure 6.6b). There was consistently more scatter in tic. fatigue specimens
than in specimens tested in monotonic compression and compressive creep at strains near
yield (Figure 6.6b).
Crack number and length measurements were similar in specimens tested in
monotonic compression and creep to the same maximum strain (Figure 6.8). The crack
length histogram showed a peak frequency near 50 !xm, similar to that seen in monotonic
compression-tested specimens (Figure 3.7). As mentioned previously, there were no
significant differences in the mean crack length.
Values of damage band length, crack numerical density (Cr.Num./Area), and
crack length density (Cr.Len.lArea) increased with increasing maximum strain, , for
specimens tested in creep and monotonic compression (Figure 6.9, 6.10). No statistically
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significant differences were found between these two loading modes for any
microdamage parameters. Crack number and length were not measured for fatigue-tested
specimens, and the differing specimen geometry prevented a comparison of damage band
length between fatigue and the other specimens.
The same patterns of microdamage (diffuse staining, single cracks, parallel
cracks, cross-hatching, and fracture) were observed in specimens tested in monotonic
compression, fatigue and creep. When the number of damaged trabeculae was broken
down by pattern (Figure 6.11), no differences were seen in the proportions of different
patterns with either increases in maximum strain or changes in loading mode, except with
trabecular fractures. The proportion of trabecular fractures increased with increasing
maximum strain for specimens tested in monotonic conpression and at all normalized
stress levels of compressive fatigue (Figure 6.12). More trabecular fractures were
observed in specimens tested in fatigue at low normalized stresses (high number of
cycles) than in specimens tested in fatigue at high normalized stresses or in monotonic
compression-tested specimens. Fractured trabeculae were seen at lower maximum strain,
,,, in fatigue specimens, especially those tested at low normalized strains (high number
of cycles), than in monotonic compression specimens (Figure 6.12). Only one creep
specimen contained any fractures (Table 6.4). The breakdown of damaged trabeculae by
extent of damage across the thickness (25%, 50%, 75%, or 100%) was unaffected by
changes in loading mode or by changes in normalized stress in fatigue-tested specimens
(Figure 6.13).
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Figure 6.2: (a) Plot of modulus reduction, E/Eo, as a function of maximum strain. Data
points have been separated for clarity. The same figure, without the monotonic data, is
seen as Figure 5.4. (a) Fatigue data separated by normalized stress. (b) Pooled fatigue
data. The equations of the regression lines are: fatigue, Y = 0.27X + 1.12, p < 0.05,
R2 = C.48; monotonic, Y = 0.23X + 1.02, p < 0.05, R2 = 0.77, monotonic without
t = -3.0%, -4.0%: Y = 0.34X + 1.18, p < 0.05, R2 = 0.74.
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Figure 6.3: Residual strain after loading, res, as a function of maximum strain, ,, for
various loading modes. (a) Specimens plotted individually. The slope of the regression
for the fatigue data (Y = 0.71X + 0.39, p < 0.05, R2 = 0.76) was significantly different
from the slope of the monotonic data (Y = 0.43X + 0.33, p < 0.05, R2 = 0.83), the creep
data (Y = 0.26X - 0.003, R2 = 0.65, not plotted in (a)), and the monotonic data excluding
data points at strains greater than em = -2.5% (Y = 0.31X + 0.17, p < 0.05, R2 = 0.74).
(b) Pooled strain data. Data points have been separated for clarity.
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Figure 6.4: Plot of residual strain vs. modulus reduction for specimens tested in
monotonic compression (stars) and compressive fatigue (diamonds). The fatigue
specimens tested at different strain levels were not significantly different, so the data
were pooled. The slopes and intercepts of the two regression lines were: monotonic
compression, Y = 1.43X -1.36, p < 0.05, R2 = 0.64; fatigue, Y = 1.04X - 1.50, p < 0.05,
R2 = 0.25).
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Figure 6.5: Plot of total number of damaged trabeculae vs. maximum compressive strain,
e. The numbers in the legend represent the normalized stress level. The damage
increa es with increasing strain. Microdamage parameters from monotonic compression
tests and creep tests are lower than microdamage from fatigue-tested specimens loaded to
the same strain, particularly near yield. Data points have been separated for clarity. The
same plot, without monotonic and creep data, is seen as Figure 5.10(a). (a) Fatigue
specimens separated by normalized stress. (b) Pooled fatigue data.
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Figure 6.6: Plot of total damaged area fraction vs. maximum compressive strain, A.
The numbers in the legend represent the normalized stress level. Microdamage
parameters from monotonic compression tests and creep tests are smaller than
microdamage from fatigue-tested specimens loaded to the same strain, particularly near
yield. Data points have been separated for clarity. The same plot, without monotonic
and creep data, is seen as Figure 5.10(b). (a) Fatigue specimens separated by normalized
stress. (b) Pooled fatigue data.
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Figure 6.7: Damage parameters as a function of modulus reduction. Damage parameters
increased with increasing modulus loss (decreasing E/Eo). (a) Number of damaged
trabeculae per unit area. (b) Damaged area fraction.
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Figure 6.8: Crack length histogram for a typical creep specimen, 85B, tested to
&. = -2.0% at a normalized stress level of alE0O = 0.0055. The solid line represents the
average value of five specimens tested to & = -2.0% in monotonic compression.
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Figure 6.9: Damage band comparisons for specimens tested in compression and creep.
Damage band length increased with increasing maximum strain, e,. No significant
differences were seen between groups tested to the same strains.
201
98
7
E 6E
5
0 2
O
-1.10% -1.30% -2.00% -2.50%
Emax (/°%)
(a)
-n_ /uv
600
E 500
,-- 400
' 300
-J 200
O
100
0
-1.10% -1.30% -2.00% -2.50%
Ea (/%)
(b)
Figure 6.10: Comparison of crack number and length for specimens tested in monotonic
compression and compressive creep. Both crack numerical density and crack length
density increased with increasing maximum strain, . No significant differences were
seen between groups tested to the same maximum strain.
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Figure 6.11: Breakdown of number of damagecd trabeculae by damage pattern,
normalized by section area, for the various loading modes. Low cycle fatigue (LCF) is
represented by specimens tested at daEo = 0.008; high cycle fatigue (HCF) is
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Figure 6.12: Fraction of damaged trabeculae containing complete fractures, with
separated ends. Creep specimens contained almost no fractures and, for clarity, are not
plotted. No fractures were observed in specimens tested in monotonic compression at
strains below -2.0%. Specimens fatigued at low normalized stresses (high number of
cycles) had an increased proportion of fractures compared to specimens tested at higher
normalized stresses (lower number of cycles) and specimens tested in monotonic
compression and creep. Data points have been spread out for clarity.
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6.4 Discussion
In many respects, microdamage accumulation with increasing load was similar in
specimens tested in different loading modes. Microdamage was not observed in
specimens loaded below yield (Figure 6.5). The progressions of damage accumulation
with increasing strain and the breakdowns of microdamage by pattern and by extent of
the cracking across the trabeculae were similar in specimens tested in all loading modes.
After yielding, we found few significant differences between modulus reduction, E,/Eo or
Ese,/Eo, for specimens tested in monotonic compression and fatigue to the same
maximum strain, e,,,x (Figure 6.2). The mean crack length was not significantly different
for specimens loaded in monotonic compression and creep, adding weight to the
hypothesis that mean crack length is determined by the bone structure, possibly the
spacing between osteocyte lacunae (Chapter 3;. Reilly, 2000).
In compression-tested specimens and fatigue-tested specimens, the maximum
strain, , explained more of the residual strain accumulation (monotonic compression:
R 2 = 0.83, fatigue: R2 = 0.76) than the modulus reduction, E/Eo (monotonic compression:
R2 = 0.64, fatigue: RZ = 0.25) (Figure 6.5, 6.6, 6.7). The residual strain was weakly but
significantly dependent on density-dependent parameters, (relative density and initial
modulus), but 90% of the variation in residual strain was explained by maximum strain
alone. The residual strain also increased in fatigue-tested specimens loaded to the same
modulus reduction, E/Eo (Figure 6.4), compared to monotonic compression-tested
specimens, although the differences were not as distinct as when the residual strain was
plotted as a function of maximum strain (Figure 6.2). However, we did not observe a
significant change in residual strain with increasing number of cycles in specimens tested
to the same modulus reduction (Chapter 5).
However, some differences in damage accumulation were found between
specimens tested in different loading modes. The residual strain, res, is significantly
greater in fatigue-tested specimens (Figure 6.3b), and the slope of the linear regression
of residual strain and maximum strain was significantly larger than that for either
monotonic or creep data (Figure 6.3a). Residual strains were observed at lower
maximum strains in fatigue-tested specimens, and the residual strain threshold was
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smaller in fatigue-tested specimens (-0.55%) than in monotonic compression-tested
specimens (-0.82%). We expect that residual strains were higher in fatigue-tested
specimens due to cumulative plastic deformation during multiple cycles, and the residual
strain depended on the normalized stress level. We also expected to see a similar trend in
modulus reduction, with the "no modulus reduction" point (E,/Eo = 1) occurring at a
higher strain in monotonic compression than in fatigue. Instead, we found that the "no
modulus reduction" strain in monotonic compression (-0.09%) was smaller than that in
fatigue (-0.44%) and was not significantly different from zero (Figure 6.2b). When we
re-calculated the regression using data from the same maximum strain range as that seen
in fatigue (0.0% to -2.5%) we found that the intersection occurred at a strain of
. = -0.52%, which is essentially the same as the value determined for fatigue-tested
specimens. Further monotonic compression tests to maximum strains in the range of
-1.3% to -2.0% may help to "fill in the gaps"
We also noticed significant differences in the proportion of damaged trabeculae
containing complete fractures, although the proportions of other patterns of damage were
independent of loading mode. The proportion of fractures increased with increasing
maximum strain, , for all loading types and for specimens tested to different
normalized stress levels in fatigue. The fraction of fractures was the only parameter that
was dependent on normalized stress in the fatigue tests, with increased fractures seen at
low normalized stresses (Figure 6.12). Low normalized stresses correspond to high
number of cycles, suggesting that small cracks initiated early in a test can grow to
become fractures if given sufficient cycles. At low normalized stresses, more cycles are
needed for a given crack to propagate to the critical length for fracture than at higher
stresses. This is supported by the "threshold" number of cycles needed for fractures to be
present, which increases with decreasing maximum strain (Figure 5.14).
Significantly more microdamage was observed in the fatigue-tested specimens at
strains near the yield strain of approximately -1.0%, compared to monotonic
compression-tested specimens and creep specimens (Figure 6.5, 6.6), suggesting that
there may be differences in damage accumulation near yield. There was also a
significant increase in the fraction of trabecular fractures at these low strain levels
(Figure 6.12). If damage occurs in fatigue at load levels below those that cause damage
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in uniaxial compression, as suggested by the appearance of residual strains at lower
maximum strains in fatigue, then damage accumulation at these strains will differ from
that in compression-tested specimens.
We observed significantly more microdamage in fatigue-tested specimens near
the yield strain than in monotonic compression- or creep-tested specimens (Figure 6.5,
6.6). The fatigue specimens were subjected to higher average strain rates (2 - 3%/sec)
than either the monotonic (0.5%/sec) or creep tests. Fatigue tests of bovine cortical bone
found that damage is dependent on strain rate (Schaffler et al., 1989); this relationship
may explain some of the differences in damage accumulation. However, the experiments
performed here were performed to different normalized stress levels at a constant
frequency, so although strain rates changed, we could not separate the effects of stress
level from strain rate, which also affects microdamage accumulation according to a
power law relationship (Figure 5.13). Further tests are needed to fully understand the
influence of strain rate on trabecular bone.
Differences in loading mode were not apparent after yield (Figure 6.5, 6.6).
With load increases, the damage increases rapidly and expands across the specimen.
Once a significant fraction of the specimen contains damage, differences in damage
initiation will not be apparent. Additional observations of microdamage creation during
yield may increase our understanding of the phenomenon.
Trabecular bone may have different failure mechanisms depending on the stress
and strain levels during loading. Trabecular bone failure occurs locally, as a result of
tissue strain. Tissue level strains for trabecular bone are not known specifically, but do
correlate with the bulk strain (Hollister et al., 1991, 1994). High bulk strains lead to
higher local strains, and may result in failure of multiple trabeculae at the same time.
Since damage progresses by failure of the trabeculae surrounding the initial failed strut,
the number and location of failure initiation sites will determine the amount and
appearance of damage at the specimen level until the initiation sites coalesce into a single
damage band, i.e. at low strains. More failure initiation sites are expected at higher
normalized stress.
Two different specimen geometries were used over the course of testing: a
waisted specimen geometry for the monotonic compression and creep tests and an
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unwaisted specimens for the fatigue tests. Damage was concentrated in the gauge region
of monotonic and creep specimens, and spread out along the entire length of fatigue
specimens. A small amount of damage may have been removed when the bone was cut
out of the end caps, but that amount was a small fraction of the total (less than 3 mm at
each end of the specimen, all of which was glued securely into the end caps). Fatigue
specimens also had a smaller section area than monotonic or creep specimens. While we
normalized the damage parameters by section area, the differences in areas might affect
our results, particularly because of changes in cross-sectional area at the ends of the
waisted specimens. Additional work, including mechanical tests of bone specimens with
the same specimen geometry, must be performed before definitive conclusions can be
drawn.
A large amount of scatter is seen in the mechanical properties and microdamage
parameters in all loading modes. There were no more than five specimens tested at any
given set of loading parameters, and much larger numbers of specimens (> 25) would be
needed to show more significance (Chapter 3). Creep data is especially lacking, with
only 13 specimens tested. For more conclusive results, more tests would have to be
performed, particularly creep tests and tests to strain levels near yield in all loading
modes.
Some studies in the literature have hypothesized that trabecular bone failure is
best explained by a strain-based criteria. Bovine trabecular bone failure strains were
found to be independent of relative density, at least over the range of densities present in
bovine trabecular bone (Keaveny et al., 1994c; Kopperdahl and Keaveny, 1998), and
trabecular bone yield strains can be considered constant for a given anatomical site
(Morgan and Keaveny, 2001). As well, trabecular bone yield strains are isotropic (Chang
et al., 1999), while trabecular bone architecture is usually anisotropic.
We observed several results that suggest that strain may be an important
contributor to trabecular bone failure. The maximum strain was a strong predictor of
changes in mechanical properties and microdamage accumulation in trabecular bone
(Figure 6.2, 6.3, 6.5), suggesting that a strain-based failure criterion exists for bovine
trabecular bone. In most cases, either maximum strain or residual strain (which is itself
best predicted by the maximum strain), or in some cases, both, accounted for much of the
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explained variation in modulus reduction and microdamage accumulation. We also
observed that low cycle fatigue of bovine trabecular bone (N < 100 cycles) was better
explained by the strain-based Coffin-Manson Law (Figure 5.6) then by the stress-based
Basquin Law (Figure 5.5). We also noted that the cellular solid model, which is stress-
based, did not predict modulus reductions well for fatigue-tested specimens (Chapter 5.4,
Figure 5.19). This suggests that a stress-based failure criterion may not accurately
reflect the behavior of bovine trabecular bone.
However, we observed significant differences in residual strain accumulation
between single-cycle tests and multiple-cycle tests. There are also indications that
damage accumulation near yield differs in specimens tested in different loading modes.
This suggests that different damage formation mechanisms may occur during different
loading conditions. Further study of damage accumulation, particularly near yield, might
provide further insights.
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Chapter 7: Conclusions
7.1 Summary of Results
Microdamage is present in normal human bones and can be created by overloads
or by fatigue loading. If microdamage is not repaired, it can accumulate and lead to a
stress fracture. This work characterizes microdamage accumulation in bovine trabecular
bone tested in monotonic compression and compressive fatigue, and investigates
relationships between changes in mechanical properties and microdamage accumulation
parameters.
The staining process developed by Lee et al. (Lee, 1997; Lee et al., 2000) was
modified to determine optimal stain concentrations and two-stain sequences. Tests were
performed on cracked cortical bone beam specimens. The stain sequencing results were
extrapolated to three-, four-, and five- stain sequences for future use. The optimal
concentrations, based on the relative ratios developed by Rahn (1977), were as follows:
alizarin complexone (red), 0.03%; calcein blue, 0.03%, calcein (green), 0.01%;
oxytetracycline (yellow), 0.03%; and xylenol orange, 0.09%. The optimal stain sequence
was alizarin complexone, followed by calcein green. This sequence was used in all
subsequent experiments.
Waisted cylindrical specimens of bovine trabecular bone were loaded in
monotonic compression under strain control to strain levels ranging from pre-yield
(-0.4%) to beyond the ultimate strain (-4.0%). Mechanical properties measured included
initial modulus, Eo, secant modulus, Ese, maximum strain, i, and residual strain, res.
Microdamage parameters measured included crack number, crack length, damaged area
fraction, number of damaged trabeculae, pattern of damage, extent of damage across the
trabecular thickness, and size of the localized damage band. All microdamage
parameters began to accumulate once the specimen has been loaded beyond yield, and
microdamage parameters increased with increasing maximum compressive strain and
increasing damage, as assessed by the damage parameter, I - EseEo.
A cellular solid model was developed to predict modulus reduction based on
observations of microdamage accumulation. Modulus reductions were considered on
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three different levels within the specimen. First, regions of microdamage in individual
trabeculae were considered, and the stiffness reduction of the trabeculae was determined.
Then the individual trabeculae were incorporated into a cellular solid network, consisting
of intact trabeculae, damaged trabeculae with reduced load bearing capacity, and
fractured trabeculae with no load bearing capacity. The reduced modulus of the damaged
cellular solid was calculated. Finally, the damaged region was considered as a portion of
the specimen, with a region of localized damage and a region of intact bone, and an
overall modulus reduction for the specimen was calculated.
Two models were developed: an open-cell model where individual trabeculae
consist of rods that deform in bending, and a closed-cell model where individual
trabeculae consist of plates that deform axially. The bovine trabecular bone used in this
work is approximately a closed-cell foam, but trabecular bone structure varies between
species and anatomic sites, so an open-cell model may be more appropriate if trabecular
bone specimens from other sites are used. The model predictions were compared with
the monotonic compression experimental results described in the previous paragraph
(Chapter 3), and agreement between the closed-cell model and experimental predictions
was good (R2 = 0.81).
Cylindrical specimens of bovine trabecular bone were loaded in fatigue in load
control at 2.0 Hz to one of four normalized stresses, Ao/Eo, and stopped at one of six
maximum strains, ranging from -0.8% to -2.5%. Mechanical properties measured
included initial modulus, Eo, secant modulus of the final cycle, Ese,, maximum strain,
Ema, residual strain, Eres, reloading modulus, E,, and number of cycles, N. Trabecular
bone had an S-N curve typical for an engineering material (R2 = 0.62). Specimens tested
in low cycle fatigue (N < 100 cycles) followed the strain amplitude-based Coffin-Manson
Law (R2 = 0.82) better than the stress-based Basquin Law (R2 = 0.62).
Microdamage parameters measured included damaged area fraction, number of
damaged trabeculae, pattern of damage, extent of damage across the trabecular thickness,
and size of the localized damage band. Microdamage increased with increasing specimen
strain and increasing modulus reduction. We observed no relationship between
normalized stress level and amount of microdamage for a given maximum strain, ,,~.
The cellular solid model developed for monotonic compression was used to predict
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modulus reductions for the fatigue-tested specimens. Agreement between experimental
and predicted results was not as good for fatigue as for monotonic compression samples
(R2 = 0.38).
Finally, specimens tested in both loading modes, as well as specimens tested in
creep (Pierce, 1999), were compared to determine the effect of loading mode on changes
in mechanical properties and microdamage accumulation. Specimens compressed to the
same maximum strain at any normalized stress had similar modulus reductions, which
were comparable to modulus eductions seen in specimens tested in monotonic
compression to the same strains. The maximum strain, m, was the largest single
predictor of modulus reduction, but relative density, initial modulus, and, in the case of
fatigue-tested specimens, normalized stress and number of cycles had small but
significant effects.
Residual strains were comparable in monotonic compression- and creep-tested
specimens loaded to the same maximum strain, but fatigue-tested specimens had
significantly higher residual strains than specimens tested in either creep or monotonic
compression to the same strain. Maximum strain was the only significant predictor of
residual strain in specimens tested in monotonic compression or creep, but normalized
stress and initial modulus had small but significant effects on residual strain accumulation
in fatigue-tested specimens.
Changes in microdamage parameters were best explained by changes in
maximum strain, if only one parameter was used, but number of cycles, residual strain,
and secant modulus reduction were all significant predictors of changes in microdamage
parameters in fatigue-tested specimens. Predictors of changes in microdamage
parameters in monotonic compression-tested specimens varied: initial modulus and
residual strain predicted the changes in damaged area fraction, crack number, and crack
length best, while the relative density and the secant modulus reduction predicted
changes best in the number of damaged trabeculae and the damage band length.
We measured a strain threshold of approximately -0.5%, below which no changes
in mechanical properties and no microdamage accumulation was observed. This level
corresponds well with the endurance limit of approximately -0.35% measured for bovine
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trabecular bone. The results compare well with a published measure of a fatigue
endurance limit in human cortical bone (Pattin et al., 1996).
There were few significant differences in modulus reduction or microdamage
accumulation parameters between specimens tested to the same maximum strain, I, in
different loading modes. Even in cases where differences exist, maximum strain is the
best predictor for each loading mode. The maximum strains corresponding to no
modulus reduction, residual strain accumulation, and microdamage accumulation are
similar in monotonic compression- and fatigue-tested specimens. As well, trabecular
bone fatigue at low cycles (N < 100) was better explained by strain amplitude than stress
amplitude. Finally, the stress-based cellular solid model did not explain the fatigue
results well. These results support the hypothesis of a strain-based failure criteria for
trabecular bone.
However, some differences were observed between specimens tested to the same
strain in different loading modes. The residual strain was significantly higher in fatigue-
tested specimens than in specimens tested in either monotonic compression or creep. At
strains below yield, there was an increase in microdamage in specimens tested in higher
cycle fatigue (N> 100 cycles), compared to low cycle fatigue, monotonic compression,
and creep. Complete trabecular fractures were not observed in specimens tested to low
strains (< 2.0%) in monotonic compression; however, fractures were seen in specimens
tested to -1.1% strain in high cycle fatigue. A threshold number of cycles existed for
each strain, below which fractures were not seen. This threshold number of cycles
decreased with increasing maximum strain.
7.2 Strengths and Limitations
7.2.1 Strengths
Strengths of this study include a well-defined specimen geometry for the
monotonic compression tests that has been used in a number of other studies. Our results
compare well with previous results using the same specimen geometry (Bowman e al.,
1994; Guo et al., 1994; Keaveny et al., 1994a, 1994b, 1994c, 1994d; Cheng, 1995; Ford
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and Keaveny, 1996; Wachtel and Keaveny, 1997). We have used a wide range of
maximum strains in both loading modes, ranging from zero strain to strains near fracture.
Similarly, the fatigue tests were performed at normalized stresses, Ad0Eo, ranging from
levels high enough to cause failure within a few (N < 10) cycles to levels where more
than 1000 cycles are necessary to cause failiure. The use of chelating fluorochromes
allowed the differentiation of damage created before testing from damage created during
testing.
The progression of microdamage accumulation from no load to fracture was
similar in bovine trabecular bone specimens testing in monotonic compression, high and
low cycle fatigue, and compressive creep. Although bovine bone has a higher density
than human bone, trabecular bone from different anatomic sites with different structures
can be expected to follow a similar progression to failure. Similarly, the cellular solid
model can be easily applied to other types of trabecular bone.
7.2.2 Limitations
A major limitation of this study was the scatter in the data, particularly in the
fatigue tests, making it difficult to draw statistically significant conclusions from the data.
Increasing the number of specimens from n = 5 in each category would improve the
scatter somewhat, but the non-uniform structure and composition of trabecular bone
means that there will always be more scatter than a non-cellular material of uniform
composition. The destructive nature of microdamage evaluation means that a different
specimen has to be tested for each strain level, and there can be large differences in the
initial modulus, relative density, and bone architecture between specimens.
Microdamage is quantified by histological evaluation of three to six sections cut
through the central region of the bone cylinder. The majority of the bone material is lost
during the cutting process, and the resulting sections offer two-dimensional planes of a
three-dimensional structure. The current method for evaluating microdamage is time-
consuming and would be difficult to automate. An initial study of sampling (Appendix
A) has shown that the three to six sections obtained per specimen provide a reasonable
estimate of the data; however, further work would need to be done to develop and
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validate a protocol to estimate microdamage parameters using a portion of the data
obtained by sectioning.
The destructive nature of the microdamage quantification process makes it
impossible to use in a clinical situation. New, non-destructive methods for imaging
microdamage in vivo need to be developed before this work can be applied to
microdamage accumulation in humans.
All experiments were conducted on bovine bone, which is considerably denser
than human trabecular bone. As well, the specimens used in the study were all taken
from young animals, while the major implications for microdamage accumulation are in
elderly, osteoporotic subjects with reduced remodeling ability. Microdamage increases
exponentially with increasing age, so young specimens have very little microdamage
present prior to mechanical testing.
There are several limitations associated with the cellular solid model. The model
assumes an isotropic structure, which is not true for trabecular bone. Microdamage is
classified by damaged area fraction, and there is no accounting for different patterns of
damage. Any crack that extends across a trabecular strut is assumed to extend through
the depth of the strut, when some portion of the trabeculae may be intact and retain some
load carrying capacity. The model does not account for crack growth during later fatigue
cycles, which may account for the lack of agreement between model predictions and
fatigue experimental results.
7.3 Future Work
This study evaluated the effect of two different types of loading, overload and
repetitive fatigue loading, on mechanical properties and microdamage accumulation in
bovine trabecular bone. While our work examined these effects separately, both will
occur concurrently during physiologic conditions. For example, after sustaining a fall
(overload condition), a subject will continue with daily activities (fatigue loading).
Examining how fatigue life is changed after a moderate overload may provide insights on
changes in fracture risk in patients after an overload. Recent work has shown that the
damage behavior of cortical bone is path-dependent (Zioupos and Casinos, 1998), where
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specimens tested in fatigue at low stress, followed by additional cycling at high stress
(low/high), show different damage accumulation behaviors than specimens tested in the
high/low configuration. Additional studies of complex loading situations are necessary to
understand the mechanical behavior of trabecular bone under physiologic loading
conditions.
The experiments described here were all conducted on bovine bone, which is
considerably denser than human bone. Most human trabecular bone has a mostly open
celled structure, while the bovine bone used here has a predominantly closed cell
structure. Experiments on human bone would determine the progression of microdamage
in human trabecular bone and validate the open-cell model. As well, human bone
specimens are available from a variety of ages, so the effects of bone loss and increasing
in vivo microdamage can be studied.
While this work looked at in vitro microdamage accumulation under known
loading, bone is not a static organ. In the body, bone is constantly being modified to
optimally support the loads placed on it and repairing damage. Microdamage is known to
be a stimulus for bone remodeling, and microdamage accumulation over the long term
cannot be understood without accounting for remodeling. Additional experiments using
animal models could be conducted. However, it should be noted that mechanical
property measurements will be less accurate when measured in vivo.
There are several ways to improve the microdamage analysis process. The
sampling methods discussed briefly in Appendix A could be expanded to create and
validate a sampling procedure for trabecular bone to speed the analysis process.
Confocal microscopy could be used to examine microdamage within the specimen, as
well as microdamage on the surface; this technique would allow the examination of
several planes of damage in a single specimen.
A new approach for visualizing microdamage radiologically has been suggested
(Lee, private communication). If a chelating stain that was more radio-opaque than bone
was developed, damage could be observed in a micro-computed tomography scan,
without sectioning the specimen. This would give a view of all the damage present in a
tested specimen, in three dimensions. Because microdamage analysis would be non-
destructive, this method would also allow the evaluation of microdamage at different
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time points in the same specimen. Finally, micro-computed tomography can also be used
to simultaneously determine bone architecture parameters. No study integrating
mechanical properties, microdamage accumulation, and bone architecture has been
performed to date.
The model developed in Chapters 4 and 5 could be extended to better represent
the structure of trabecular bone. The current model is isotropic, while trabecular bone is
usually orthotropic. The two models developed here for a rod-like open-celled structure
and a plate-like closed-celled structure could be combined to better represent trabecular
bone, which is often composed of both rods and plates. The modulus reduction due to
strut loss in the model is based on the assumption that trabecular struts are removed
randomly, while actual strut loss occurs initially in thin or otherwise compromised
trabeculae, then locally around the initial microdamage. The distribution of damaged
area could be altered to better represent the distribution of damage (for example, by
assigning more damaged area to cross-hatched cracks and less to single cracks).
New modeling methods could be developed and applied to the experimental data.
Micro-finite element models using a large number of elements to simulate details in bone
architecture are currently used to model realistic trabecular structures. Finite element
models can be developed from micro-computed tomography scans of actual bones, which
would then be mechanically tested and compared to the model results. The micro-finite
element models can also be used in conjunction with the cellular solid model approach
developed in this work. Individual elements in a trabecular strut can be removed to
simulate the load redistributions in the local region surrounding a crack. These models
could also be used to predict the local loading conditions on individual trabeculae, which
could be compared to microdamage observations.
Bisphosphonates have been used to treat osteoporosis. Bisphosphonates increase
bone mass by suppressing bone resorption without a corresponding decrease in bone
deposition. The suppression of resorption also causes microdamage to accumulate
(Forwood et al., 2000b; Hirano et al., 2000; Mashiba et al., 2000). Increasing bone mass
increases bone stiffness and strength, while microdamage accumulation decreases bone
stiffness and strength. A trade-off exists between the increase in bone mass and the
decrease in bone quality as a result of microdamage accumulation. At some point,
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microdamage levels may increase to the point where any benefits from increased bone
mass are cancelled out. The model developed here can be used to predict modulus loss
assuming physiologic levels of microdamage accumulation, which can then be compared
to the modulus gain due to bone mass increases from bisphosphonate therapy, to
determine if and at what point bisphosphonate therapy becomes clinically detrimental.
7.4 Overall Conclusions
Microdamage accumulates in bovine trabecular bone with increasing compressive
strain. At low strains prior to yield (&,, < -0.5%), no changes in modulus reduction and
no residual strain accumulation were observed. Negligible amounts of microdamage
were observed in specimens tested to these strains.
Microdamage begins to accumulate when the bone reaches yield, when reductions
in modulus and residual strains are first observed. Microdamage forms in isolated areas,
in trabeculae that are relatively weaker than surrounding trabeculae and are subjected to
higher local strains. At this point, the locations of damage formation depend largely on
bone architecture. Damage forms as small regions of cracking, often as single cracks.
Once a trabecula contains damage, its load-carrying capacity is reduced. The
local load is redistributed to surrounding trabeculae, increasing their local strains, and
thus increasing the likelihood that they will crack. Microdamage within the already-
damaged trabecula may also increase, leading to the formation of regions of cross-
hatching. In fatigue-tested specimens, the initial cracks can also grow in later cycles,
which decrease the load-carrying capacity of the initially damaged strut and increase the
load redistributed to surrounding trabeculae. With increasing load, additional damage is
more likely to occur near previously damaged trabeculae than in a region distant from
damaged trabeculae.
With increasing strain, more trabeculae are damaged, the load continues to be
redistributed among the local area of damage, and the region of damage expands. At this
point, two situations are observed. First, the localized damaged region expands and
multiple regions of damage may coalesce to form a band across the specimen. Secondly,
individual trabeculae may fracture completely, and lose all load-bearing capabilities.
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While this is occurring, the specimen modulus decreases and residual strain increases.
Damage band formation occurs at strains near -2.0% in specimens tested in monotonic
compression and creep, and at lower strains (as low as -1.1%) in fatigue-tested
specimens.
After band formation, damage continues to increase by expanding the size of the
band. The damage band will grow with increasing strain to include the entire specimen.
After this point, microdamage increases by densifying within the band. As well, the
number of complete trabecular fractures also increases with increasing specimen strain.
When the trabecular fractures extend across the entire specimen, specimen fracture has
occurred.
Observations of the progression of microdamage with increasing strain were
similar in all loading modes. However, the microdamage accumulation and mechanical
property changes began to occur at lower maximum strains in specimens tested in fatigue
than in specimens tested in monotonic compression or creep. We found that fractures
were more likely to occur at lower strains in fatigue-tested specimens, especially in
specimens tested to high numbers of cycles. A threshold number of cycles existed at
each maximum strain level, below which fractures were not seen. This threshold
increased with decreasing maximum strain, so fractures were observed in monotonic
compression-tested specimens only at high strains (> -2.0%), but were observed at strains
as low as -0.8% in fatigue-tested specimens.
We have developed a model to predict changes in modulus based on
microdamage accumulation in bone (Chapter 4). The model predicts modulus reductions
by distributing observed microdamage, in the form of completely broken trabeculae and
partially damaged trabeculae, randomly throughout the localized damaged region of an
idealized cellular solid. The non-linear model accounts for the complexity of trabecular
bone structure and depends on a number of input parameters, including the damaged area
fraction, the distribution of damage extent across the thickness, and the length of the
damaged band. Models were developed for open- and closed-cell cellular solids, since
trabecular bone structure varies from open-celled in osteoporotic human vertebrae to
nearly closed-cell in bovine tibial trabecular bone. The closed-cell model predicted
modulus reductions well in specimens tested in monotonic compression (Rc2 = 0.81), and
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less well in specimens tested in compressive fatigue (R 2 = 0.38). The results suggest that
microdamage accumulation is responsible for changes in mechanical properties in
trabecular bone, although other mechanisms also affect modulus loss in fatigue-tested
specimens.
Both microdamage accumulation observations and changes in mechanical
properties can be used to characterize trabecular bone behavior. After yield, damage in
trabecular bone appears to be mainly a function of strain and is mostly independent of
loading mode. Strain amplitude can be used to describe the fatigue behavior of bovine
trabecular bone in low cycle fatigue tests to less than 100 cycles. The stress-based
cellular solid model, while predicting modulus reduction well in monotonic compression-
tested specimens, does not predict modulus reduction well for fatigue-tested specimens.
Specimens loaded to the same maximum strain, , in monotonic compression,
compressive fatigue, and compressive creep had similar measured modulus reductions,
E/Eo, and microdamage accumulation. As well, there were few differences in modulus
reduction, residual strain, ere, and microdamage parameters between specimens tested in
fatigue to the same maximum strains at different normalized stress levels. The
breakdown of the number of damaged trabeculae by pattern of damage and extent of
damage across the trabecular thickness was similar in all specimens, with a small increase
in the proportion of complete trabecular fractures in specimens tested to high numbers of
cycles. These results support a strain-based failure criterion for bone at high strain levels.
Near yield, at maximum strains between -0.8% and -1.1%, there appear to be
some differences between loading modes. Residual strains are higher in fatigue-tested
specimens than in monotonic compression-tested specimens or creep specimens loaded to
the same strains, as is microdamage accumulation. Microdamage accumulation and
mechanical property changes initiate at lower strains in fatigue-tested specimens. Crack
growth, inferred by the number of complete trabecular fractures, is observed in fatigue
specimens loaded to large numbers of cycles at these strain levels, and not in specimens
loaded to lower numbers of cycles.
At very low strains, less than -0.5% in fatigue-tested specimens and less than
-0.8% in monotonic compression-tested specimens, we do not observe any microdamage
accumulation or changes in mechanical properties. Characterization of the fatigue
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behavior of bovine trabecular bone predicted an endurance limit near AcEo = 0.0035,
corresponding to a strain of -0.35% (Appendix B). Pattin et al. (1996) also found a
damage threshold of 4000 te£ for human cortical bone fatigued in compression,
corresponding to a loading strain of -0.4%. Based on linear regression data, we do not
expect to observe any modulus loss at strains below about -0.5% for fatigue and
montonic compression. As well, residual strains are not expected at strains less than
-0.55% for fatigue-tested specimens, and -0.77% for monotonic compression-tested
specimens. Also, no microdamage accumulation is observed at strains below these
limits. These results support our observations of an endurance limit for bovine trabecular
bone in compression, which occurs at a strain level of less than about -0.4%. The
majority of physiologic loading occurs at strains below the endurance limit, suggesting
that microdamage is created only during extremes of loading or in diseased bone with
reduced load-carrying capacity (e.g. osteoporotic bone). When microdamage does occur,
the bone remodeling process will replace the damaged bone within a few months, and
return the bone to its original state.
Microdamage accumulation occurs in bovine trabecular bone when it is loaded
beyond yield. Microdamage can occur during a single overload or as a result of fatigue
damage. However, microdamage is not created at strains well below yield (< 0.5%),
where most physiologic loading occurs. Microdamage is created during extreme
physiologic loading, and damaged bone is replaced by the bone remodeling process.
Microdamage creation may serve as an energy dissipation method in bone, a process that
can sustain occasional overloads without increasing the bone strength, and thus mass, to
prohibitively high levels.
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Appendix A: Sampling Issues in Quantifying Microdamage
Accumulation
A.1 Introduction
Small amounts of microdamage are present in normal bone. Current methods of
quantifying microdamage involve bulk staining the bone to make microcracks visible,
then observing damage microscopically in thin sections of bone. This method has
previously been used in cortical bone specimens (Frost, 1960; Burr and Stafford, 1990;
Burr and Hooser, 1995) and has only been recently applied to trabecular bone (Lee et al.,
2000). Trabecular bone is a cellular solid consisting of interconnected rods and plates,
and microdamage tends to occur as groupings of short cracks on multiple trabeculae.
This structural arrangement can result in a large number of microcracks, especially when
the specimens have been loaded to high strain levels and large modulus reductions.
Trabecular bone is a three-dimensional structure, and thin sections only show the
portion of damage that intersects with the two-dimensional plane of the section. The
average bone specimen yielded three to six sections, displaying only a small sample of
the total microdamage in the specimen. Because this approach shows only a portion of
the damage, the observed damage may not correctly estimate the total amount of damage.
To improve the efficiency of microdamage quantification, sampling techniques
are needed to estimate the amount of microdamage present in a given specimen without
measuring each crack. As well, the damage estimates can be compared to the total
damage to determine if the analysis provides an accurate measure of total specimen
damage. If the damage estimated from a portion of the available data is not significantly
different from the value obtained from all the data, we can expect that both estimates
accurately reflect the total damage in the specimen.
A.2 Methods
The sampling analysis was performed on trabecular bone specimens that were
mechanically tested in either monotonic compression (n = 42 specimens, Chapter 3) or in
compressive creep (n = 13 specimens, (Pierce, 1999)). All trabecular bone cores were
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then prepared for histology using the same procedure. The specimens were first
sequentially dehydrated in ethanol according to the following schedule (Table A.1):
Solution (% EtOH) Time (h)
50% 12
70% 12
80% 12
95% 12
100% 12
100% 12
100% 12
100% 12
Table A.1: Dehydration schedule for trabecular bone cores.
After dehydration, specimens were embedded in poly(methyl methacrylate)
(PMMA). Specimens were immersed in MMA I (methyl methacrylate) for 48 hours at
4° C, and then immersed in MMA II (methyl methacrylate plus 2 wt % benzyl peroxide)
for 24 hours at 40 C. Specimens were transferred to a vial with a base of polymerized
MMA III (methyl methacrylate plus 4 wt % benzyl peroxide). The specimens were
partially submerged in MMA mI and degassed for approximately 2 hours. After
degassing, the vials were filled with MMA HI, polymerized in a water bath at 40°C for
16 hours, and hardened for 24 hours at 80°C. Specimens were cut into 100-150 um slices
longitudinally using a diamond saw (Isomet, Buehler, Lake Bluff IL). Each section was
washed with distilled water and mounted on a glass slide with a cover slip using Eukitt's
mounting medium (Electron Microscopy Sciences, Fort Washington PA). Three to six
slides were obtained for each embedded sample.
Specimens were examined under ultraviolet fluorescent light (A= 365 nm).
Digital images of all visible damage were acquired from all specimens. Each section was
scanned in a raster pattern (back-and-forth) to ensure that no regions of damage are
missed. Damage occurred in localized bands across the specimens, so it is expected that
the damage will not be randomly distributed.
Microdamage parameters (crack number, crack length, damaged area; see Chapter
3) were determined for each image. Microdamage parameters (normalized by the
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number of digital images used) were estimated from subsets of the total number of
images. The estimates were then compared to the microdamage parameters calculated
using all of the digital images, normalized by the total number of digital images.
To calculate the estimates, an image was selected at random and the number of
cracks, length of cracks, and damaged area in that image were used as the initial estimate.
A second image was then chosen randomly, and the average for each microdamage
parameter was determined. A third image was chosen, and cumulative averages
calculated for the microdamage parameters. This continued until all the digital images
for the specimen were used. After each new image, the percentage error between the
current estimate and the final estimate (using all images) was calculated. Specimens with
fewer than twenty images were not included in the study.
After the estimates were calculated, the microdamage parameters (crack number,
crack length, and damaged area were plotted against the fraction of images used in the
estimate to determine how many images were necessary to obtain a reasonable estimate
of damage. Specimens with relatively little damage were examined to determine how
many digital images were needed to obtain a reasonable estimate without quantifying all
the damage in the specimen.
A.3 Results
Thirty-one of the 55 specimens had significant damage (at least 20 images of
damage per specimen) and were used to evaluate sampling. All microdamage parameter
estimates approached the final estimate as increasing numbers of images were used to
calculate the estimate (Figures A.1 - A.6). The fraction of images necessary to obtain an
estimate within 10% of the final estimate was recorded (Table A.2).
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Specimen Number of Images Cr.Num. Cr.Len Damaged Area
79F 20 0.15 0.65 0.65
84B 30 0.87 0.80 0.92
55D 40 0.78 0.80 0.75
82B 40 0.60 0.28 0.60
83A 41 0.76 0.76 0.61
77E 41 0.24 0.71 0.63
88B 48 0.27 0.52 0.63
81B 50 0.46 0.18 0.86
87A 60 0.23 0.51 0.73
80E 61 0.54 0.66 0.75
65H 67 0.58 0.60 0.46
85B 68 0.63 0.63 0.63
80B 77 0.43 0.53 0.33
65A 81 0.49 0.49 0.35
79D 85 0.27 0.67 0.52
82G 88 0.26 0.18 0.51
67D 95 0.97 0.54 0.74
76D 97 0.10 0.10 0.67
24B 98 0.44 0.24 0.30
68A 118 0.30 0.30 0.45
93E 121 0.50 0.31 0.48
65E 138 0.37 0.38 0.68
90G 138 0.52 0.55 0.13
87B 153 0.50 0.54 0.65
90C 163 0.29 0.33 0.27
52A 165 0.75 0.73 0.69
85D 178 0.51 0.50 0.20
89D 189 0.13 0.13 0.30
72A 196 0.31 0.31 0.42
49C 199 0.30 0.31 0.43
83C 215 0.40 0.42 0.10
Table A.2: Fraction of total available images
parameter estimates to approach
of microdamage required for microdamage
within 10% of final estimates.
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Figure A.1: Images showing running averages of crack number, Cr.Num., as more
images are used to compute the average in a specimen with a substantial amount of
damage (89D, 159 images of damage). The shaded band indicates the range within ten
percent of the final estimate.
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Figure A.2: Images showing running averages of crack length, Cr.Len., as more images
are used to compute the average in a specimen with a substantial amount of damage
(89D, 159 images of damage). The shaded band indicates the range within ten percent of
the final estimate.
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Figure A.3: Images showing running averages of damaged area as more images are used
to compute the average in a specimen with a substantial amount of damage (89D, 159
images of damage). The shaded band indicates the range within ten percent of the final
estimate.
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Figure A.4: Images showing running average of crack number, Cr.Num., as more images
are used to compute the average in a specimen with a small amount of damage (55D, 40
images of damage). The shaded band indicates the range within ten percent of the final
estimate.
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Figure A.5: Images showing running averages of crack length, Cr.Len., as more images
are used to compute the average in a specimen with a small amount of damage (55D, 40
images of damage). The shaded band indicates the range within ten percent of the final
estimate.
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Figure A6: Images showing running averages of damaged area as more images are used
to compute the average in a specimen with a small amount of damage (55D 40 images of
damage). The shaaed band indicates the range within ten percent of the final estimate.
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A.4 Discussion
For specimens with a significant amount of damage (> 100 images), averaging the
parameters for half of the specimens was sufficient to closely approach the final estimate
(Figure A.1, A.2, A.3). We can be confident that the measurements of microdamage
parameters accurately reflect the total amount of microdamage present. Microdamage
estimates in specimens with fewer than 100 images of damage also agree reasonably well
with final values (Figure A.4, A.5S, A.6). It is difficult to determine how well the
estimates agree with the final estimate in specimens with relatively little damage (< 20
images), as the scatter can be large.
The observations in this study were based on the total amount of observed
microdamage. However, alterations can be made in future protocols that reduce the
amount of observations without sacrificing accuracy of results. In the cases of specimens
with substantial amounts of damage, not all images need to be analyzed to obtain a
reasonable estimate of the data. In these cases (specimens with more than 100 images of
damage), a randomly chosen subset of one-half of the images may be sufficient to obtain
reasonable values for microdamage parameters.
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Appendix B: Low Cycle Fatigue Testing of Trabecular Bone
B.1 Introduction
Fatigue damage is a stimulus for bone remodeling (Burr et al., 1985; Martin,
1992; Mori and Burr, 1993; Martin, 1995). As well, fatigue damage in bone contributes
to stress fractures and age-related fragility fractures in the elderly (Burr et al., 1997),
which occur preferentially in trabecular bone. Fatigue damage in the form of a stiffness
loss has been shown to occur in compact bone (Carter and Hayes, 1976, 1977a, b) and
trabecular bone (Guo, 1993; Guo et al., 1994). Understanding the fatigue behavior of
trabecular bone is a prerequisite to predicting the fatigue behavior of a whole bone, which
consists of both trabecular and cortical bone in a complex geometry.
It has been hypothesized (Carter and Caler, 1985) that fatigue damage in low
cycle fatigue is due mainly to creep, while fatigue damage in high cycle fatigue is due
mainly to slow crack growth. More recent analysis of trabecular bone fatigue results
suggest that creep is a major component of fatigue damage at all stress ranges (Bowman
et al., 1998). If high and low cycle fatigue behaviors are dominated by different damage
mechanisms, then the slope of the S-N curve will change with changes in applied stress.
Earlier studies (Guo, 1993; Cheng, 1995) characterized the fatigue behavior of
forty trabecular bone specimens. The slope of the resulting normalized stress versus
number of cycles to failure curve were compared for low cycle fatigue and high cycle
fatigue (with the cutoff between high and low cycle fatigue defined as 100 cycles (Guo,
1993)), and no significant difference between the slopes was found.
Microdamage has been implicated as a stimulus for bone remodeling (Mori and
Burr, 1993; Lee, 1995). Fatigue loading creates microdamage in cortical bone (Burr et
al., 1985; Forwood and Parker, 1989; Boyce et al., 1998; Muir et al., 1999; Verborgt et
al., 2000); however, the relationship has not been well quantified in trabecular bone (Burr
et al., 1997). A staining method using chelating fluorochromes has been developed to
identify microdamage created in vitro and to distinguish between microdamage that
occurred before testing (in vivo and that created during specimen preparation) and
damage created during testing (Lee et al., 1997b, 2000). All tested specimens were
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stained with chelating fluorochromes and histological specimens prepared from the
failure specimens were examined for microdamage created during testing.
We asked two research questions: first, is there a difference between the low cycle
and high cycle fatigue behavior of trabecular bone? To answer this question, an
appropriate cutoff point between high and low cycle fatigue mustbe determined. A
secondary aim was to determine if bovine trabecular bone, like some engineering
materials, has a fatigue endurance limit, defined as a stress level below which fatigue
failure does not occur. The second research question was whether chelating
fluorochromes could be used to detect and quantify damage in trabecular bone samples
tested in fatigue.
B.2 Materials and Methods
All samples were prepared from bovine trabecular bone taken from the proximal
tibia. The waisted cylindrical specimens of aligned trabecular bone were prepared using
the procedure developed by Keaveny et al. (1994a). Whole bovine tibias were obtained
(Bertolino Beef Company, South Boston MA), and the proximal head was sliced
sagittally into slices approximately 11 mm thick. Parallelepipeds of aligned trabeculae
were selected using contact radiographs of the sagittal slices and cut out. Cores of
trabecular bone, 8.3 mm in diameter, were obtained from the parallelepipeds. Specimens
were kept wet during processing steps and kept frozen at -20°C between preparation
steps. Before testing, the ends of the cores were defatted and press-fit into custom-
machined brass end caps, and glued in place using cyanoacrylate glue. The specimens
were then frozen in dry ice and immediately turned down on a lathe to create a wasted
gauge length (diameter nominally 6 mm, gauge length nominally 5 mm).
Prior to testing, the specimens were thawed and a high-pressure water jet was
used to remove the marrow from the gauge length. Removing marrow improved stain
penetration into the interior of the specimen. The specimens were stained in either 0.3%
oxytetracycline (yellow; 3 specimens) or 0.3% calcein blue (18 specimens) under vacuum
for 16 hours. This staining step was performed to label all damage that existed in the
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specimen before testing, including damage present in vivo and damage created during
specimen preparation.
Before testing, the gauge diameter of each specimen was measured six (6) times
along the gauge length with digital calipers, and the mean cross-sectional area was
calculated. All testing was performed on an hydraulic testing machine (Instron 1331 with
an Interlaken UTP-III controller, Canton MA). Specimens were loaded into two aligned
three-jaw chucks, and a miniature extensometer (MTS 632.290-30, MTS, Eden Prairie
MN), with a 5 mm gauge length, was attached directly to the bone .sing metal clips. The
sample was kept moist with physiologic saline (0.9% NaCl) during testing.
After the specimen was mounted in the testing machine, 10 preconditioning
cycles of -0.2% compressive strain were applied. The maximum strain of -0.2% was
much less than the yield strain and was not expected to create damage. Load and strain
were recorded on a 486 series computer (Dell 486D/25, Dell Computer Corporation,
Austin TX) and data were acquired at 50 Hz (Acknowledge 2.0, Biopac Systems Inc.,
Santa Barbara CA. The initial specimen modulus, Eo, was determined from the slope of
the stress-strain curves plotted during the preconditioning cycles.
Testing load levels were calculated so that the specimen was loaded to a
predetermined normalized stress level, Ao/Eo. Each specimen was fatigued from a small
compressive preload (-10 N) to the predetermined maximum load at 2.0 Hz until either
the specimen fractured or a strain of -5.0% was reached. Load and strain data were
acquired throughout the test 25 Hz, and stress-strain curves were plotted. The modulus
loss over the course of the test was calculated, and failure was defined as either a ten
percent reduction in modulus or a specimen strain of -5.0%.
The data from all tests was pooled with data from two other studies (Guo, 1993;
Cheng, 1995), and the results were plotted on a normalized stress vs. number of cycles to
failure curve. Logarithmic regressions of both low cycle fatigue (Nf < 100) and high
cycle fatigue (Nf > 100) were plotted, and slopes obtained for each curve. The slopes
were then compared to see if there was a statistically significant difference between the
two curves. One hundred cycles was chosen as the cutoff based on the results of an
earlier study (Guo, 1993). The slope of the high cycle fatigue regression was also
examined to see if it was significantly different from zero, indicating that an endurance
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limit exists for bovine trabecular bone in compression. Initial observations suggested that
100 cycles may not be an appropriate cutoff point; other cutoff points were selected and
tested once data from the new tests was available.
After testing, the gauge length of each specimen was removed. One half of each
broken specimen was stained overnight in 0.3% xylenol orange. The other half of each
specimen was left as a control and not stained so that damage prior to testing could be
observed. Unfractured specimens were randomly selected to be either stained in xylenol
orange or left unstained. Specimens were dehydrated in ethanol, embedded in poly
(methyl methacylate), and cut into thin sections of approximately 100 gm, and mounted
on glass slides (Appendix A).
Each slide was observed under fluorescence microscopy. Images of damaged
areas, viewed under UV epifluorescence (A = 365 nm), were captured using a color
digital camera and an image capture program. Images were examined qualitatively for
types of damage and amounts of microdamage.
B.3 Results
Twenty-one fatigue tests were performed successfully (Table B.1). Table B.2
summarizes the results of fatigue tests performed in other studies (Guo, 1993; Cheng,
1995) using the same protocol. S-N curves for all tests (Figure B.1), low cycle fatigue
only (Figure B.2), and high cycle fatigue only (Figure B.3) were plotted, using a cutoff
of 100 cycles to distinguish between the high and low cycle regimes.
256
Specimen Eo (MPa) Acr/Eo Load (N) Nf Nfractre
34B 3615 0.0095 -1019 1 96
19C 3083 0.0095 -837 1 2
21A 2742 0.0095 -761 3 336
33A 3534 0.0095 -971 1 26
39A 2401 0.0095 -664 1 13
32A 3811 0.0090 -989 1 16
37A 4060 0.0090 -1063 1 4
24C 3469 0.0090 -874 1 5
31B 1188 0.0090 -311 1 31
22A 1609 0.0085 -403 1 885
27B 2500 0.0085 -655 1 60
36D 1588 0.0085 -364 1 16
23B 4032 0.0085 -1012 1 94
27C 3344 0.0085 -864 2 25
38C 3455 0.0080 -770 3 77
28C 3587 0.0075 -737 79 168
33B 3540 0.0075 -768 1 69
38A 4489 0.0075 -1040 588 673
39C 2973 0.0070 -617 15 872
35A 4798 0.0070 -974 284 2281
32B 5537 0.0065 -1063 31 31
Table B.1: Low cycle fatigue test results. Failure occurred at ten percent modulus loss or
at fracture, whichever occurred first.
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Specimen A/Eo Nf Specimen Ao/Eo Nf Specimen A/Eo Nf
XEG9A 0.0100 1 XEG25C 0.0080 78 27AL 0.0040 29994
XEG2A 0.0100 2 TLA33B 0.0075 1 XEG5A 0.0040 44432
XEG29C 0.0100 9 TLA28C 0.0075 79 130BL 0.0040 366277
TLA19C 0.0095 1 TLA38A 0.0075 588 123BL3 0.0038 49994
TLA34B 0.0095 1 TLA39C 0.0070 15 22DL 0.0037 3365
TLA33A 0.0095 1 TLA35A 0.0070 284 9BL 0.0037 5994
TLA39A 0.0095 1 TLA32B 0.0065 31 54AL 0.0037 10298
TLA21A 0.0095 3 XEG3A 0.0060 22 21AL 0.0036 9994
TLA32A 0.0090 1 XEG7A 0.0060 829 132EL 0.0036 17487
TLA37A 0.0090 1 XEG11A 0.0060 1880 1IDL 0.0036 18145
TLA24C 0.0090 1 108BL 0.0054 794 51AL 0.0036 44617
TLA31B 0.0090 1 spec 15 0.0053 295 12BL2 0.0035 18635
TLA36D 0.0085 1 17CL 0.0052 194 XEG54C 0.0035 21043
TLA27B 0.0085 1 104BL 0.0045 1935 XEG30C 0.0035 73145
TLA23B 0.0085 1 126AL 0.0042 5994 XEG48A 0.0035 400520
TLA22A 0.0085 1 63AL 0.0041 2443 XEG51B 0.0035 601520
TLA27C 0.0085 2 133HL 0.0040 923 2EL 0.0034 17999
XEGIA 0.0080 1 XEG20A 0.0040 2263 23AL 0.0034 32686
TLA38C 0.0080 3 XEG61A 0.0040 2495 44AL 0.0032 29994
XEG27C 0.0080 7 XEG13A 0.0040 29342 48EL 0.0029 319751
XEG12A 0.0080 32
Table B.2: Summary of all fatigue results to date. Tests were performed by three
different operators, as indicated by the specimen prefix.
Microdamage was observed in all specimens. It was difficult to draw conclusions
about the relationship between microdamage and loading in fractured specimens because
the local strains on the specimens at the time of fracture cannot be accurately measured
by the extensometer. In the unfractured specimens (loaded to -5.0% strain), considerable
amounts of damage were seen. Damage patterns included diffuse damage (without
visible distinct cracks), single cracks, cracks running parallel to the axis of the trabeculae,
regions of cross-hatching at 450 to the axis of the trabeculae, and complete trabecular
fracture.
Linear regressions of the transformed values (log values of all data points) were
performed on the high and low cycle normalized stress versus number of cycles to failure
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curves using the statistical analysis program RS/1 (BBN Technologies, GTE Corp.,
Irving TX). The results were as follows:
All Fatigue (R2 = 0.89, p < 0.001, n = 61)
Nf = 2.71xl0-24 EoA (B.1)
Low Cycle Fatigue (R2 = 0.36, p < 0.001, n = 27)
-19.6
Nf = 6.37x10 41( Aa (B3.2)
High Cycle Fatigue (R2 = 0.56, p < 0.001, n = 34)
-13'0
Nf =8.36x110-27 (B.3)
No statistically significant difference was detected between the slopes of the high and
low cycle fatigue S-N curves (F = 1.623, p = 0.21).
When the statistical analysis was repeated using a cutoff of 3000 cycles (Figure
B.4, B.5), the following results were obtained:
Low Cycle Fatigue (R2 = 0.76, p < 0.001, n = 39)
-12.1
Nf = 2.34x10-5 -A) (B.4)
High Cycle Fatigue (R2 = 0.08, p = 0.191, n = 22)
N1 = 1.31x10-'4 ( -o ) (B.5)
When the slopes for the low and high cycle fatigue curves were compared, they
were found to be significantly different (p < 0.01). Additionally, the slope of the high
cycle fatigue regression curve is not significantly different from zero (F = 1.84, p = 0.19).
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Figure B.1: Normalized stress, Ao/Eo, versus number of cycles to failure, Nf, for 61
fatigue specimens.
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Figure B.2: Normalized stress, AoE 0, versus number of cycles to failure, Nf, of 27
specimens tested in low cycle fatigue (cutoff, N = 100).
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Figure B.3: Normalized stress, AofEo, versus number of cycles to failure, Nf, of 34
specimens tested in high cycle fatigue (cutoff, N = 100).
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Normalized stress, AoEo, versus number of cycles to failure, Nf, of 39
specimens tested in low cycle fatigue (cutoff, N = 3000).
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Figure B.5: Normalized stress, AoEo, versus number of cycles to failure, Nf, of 22
specimens tested in high cycle fatigue (cutoff, N = 3000).
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B.4 Discussion
No statistically significant difference was observed between the slopes of the
normalized stress versus number of cycles to failure curve for low cycle fatigue
(Nf < 100) and high cycle fatigue (Nf> 100). However, after visually observing the
curve, it was hypothesized that the cutoff of Nf = 100 cycles, chosen from observations
of 20 fatigue tests, might be incorrect. The addition of more specimens to the normalized
stress versus number of cycles to failure curve suggested that the demarcation between
low and high cycle fatigue occurred at a higher number of cycles than was originally
estimated. As well, the slope of the transformed high cycle fatigue values using a cutoff
of 100 cycles was more negative than the low cycle fatigue values, while the slope of the
stress-number of cycles to failure curve for engineering materials generally becomes less
negative as the number of cycles to failure increases.
Regression analyses were repeated using a cutoff of Nf = 3000 cycles to failure,
which did show a significant difference between the slopes of the high and low cycle
fatigue curves. The slope of the transformed low cycle fatigue data was more negative
than that of the high cycle fatigue data, as is expected for engineering materials.
Additionally, the slope of the high cycle fatigue curve was not significantly different
from zero. This suggests that there may be an endurance limit in trabecular bone (a stress
level below which fatigue does not occur). These results confirm earlier results by Pattin
et al. (1996) who found a fatigue threshold of approximately 4000 .£E (microstrain) for
cortical bone compression, below which modulus reduction does not occur.
Testing to failure is not an appropriate way to quantify damage because the two
halves of the specimen crush each other during fracture, and there will be large variations
in local strains as the fracture surfaces contact. A quantitative comparison between
accumulated damage and loss of stiffness of the specimen can only be performed on
unfractured specimens. As well, the contact of the fracture surfaces creates large
amounts of microdamage which are difficult to separate from damage created prior to
fracture. Specimens to be used in microdamage quantification should not be
mechanically tested to fracture.
The 61 fatigue tests used for the statistical analysis were performed by three
different operators. Figure B.6 plots the transformed fatigue data by operator. No
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differences between operators were apparent, although the data was not statistically
analyzed.
Fatigue microdamage occurred in bovine trabecular bone loaded in compression.
We observed significant differences in the slopes of the high and low cycle fatigue
portions of the stress-number of cycles to failure curve, with a cutoff between high and
low cycle fatigue occurring at Nf= 3000 cycles. Significant amounts of microdamage
accumulation were observed in all fatigue-tested specimens.
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Figure B.6: Comparison of fatigue tests performed by three operators, as indicated in the
legend. No differences were apparent.
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Appendix C: Monotonic Testing
Legend for microdamage parameters:
aSection Area - total specimen area
bDamage Band Length - length of the section of the specimen containing damage
CDamaged Trabeculae/Area - total number of trabeculae containing damage in the
section, normalized by specimen section area
dDamaged Area - total area of the localized regions of damage
eDamaged Area Fraction - total area of the localized regions of damage, normalized
by specimen section area
fCr.Num. - total number of cracks in the specimen
gCr.Num./Area - total number of cracks in the specimen, normalized by
specimen section area
hCr.Len. - total length of cracks in the specimen
'Cr.Len./Area - total length of cracks in the specimen, normalized by
specimen section area
JMean Cr.Len. - Cr.Len./Cr.Num.
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Eo Esec Esec/Eo Damage max ,, rs Stress Aa/Eo Section
(GPa) (GPa) (1 - EecEo) (%) (%) (MPa) Area
(mlIl2)a
65B N/A N/A 1.000 0.000 0.00 0.00 N/A N/A 239.37
21B N/A N/A 1.000 0.000 0.00 0.00 N/A N/A 314.94
45C N/A N/A 1.000 0.000 0.00 0.00 N/A N/A 251.39
27A N/A N/A 1.000 0.000 0.00 0.00 N/A N/A 426.26
50D 2.119 2.103 0.992 0.008 -0.38 -0.01 -8.33 -0.0039 232.99
48A 2.640 2.759 1.045 -0.045 -0.46 -0.01 -11.81 -0.0045 189.15
14A 2.034 2.016 0.991 0.009 -0.85 -0.05 -17.03 -0.0084 222.06
90D 2.786 2.571 0.923 0.077 -0.91 -0.05 -23.42 -0.0084 285.90
17C 1.787 1.250 0.699 0.301 -1.06 -0.11 -17.30 -0.0097 302.56
53B 4.065 3.177 0.782 0.218 -1.13 -0.18 -35.91 -0.0088 440.05
14B 2.065 1.682 0.815 0.185 -1.15 * -19.38 -0.0094 264.21
93B 1.096 0.971 0.886 0.114 -1.10 -0.25 -10.63 -0.0097 371.44
84C 2.632 1.891 0.718 0.282 -1.09 -0.05 -20.70 -0.0079 206.66
55E 1.639 1.637 0.999 0.001 -1.32 -0.10 -21.60 -0.0132 357.60
91A 1.191 0.970 0.814 0.186 -1.31 -0.45 -11.48 -0.0096 293.88
88B 2.099 1.679 0.800 0.200 -1.28 -0.25 -21.55 -0.0103 344.54
87A 3.036 1.980 0.652 0.348 -1.31 -0.20 -25.83 -0.0085 273.89
79D 2.431 1.429 0.588 0.412 -1.31 -0.25 -18.81 -0.0077 377.62
65A 3.678 0.757 0.206 0.794 -2.01 -0.25 -17.29 -0.0047 230.56
43B 3.222 1.626 0.505 0.495 -2.02 -0.53 -33.19 -0.0103 327.68
42C 1.766 0.768 0.435 0.565 -2.02 -0.60 -15.98 -0.0090 259.79
67D 1.313 0.474 0.361 0.639 -2.03 -0.60 -11.01 -0.0084 348.50
77E 2.685 1.171 0.436 0.564 -2.10 -0.70 -28.56 -0.0106 287.23
O1A 2.085 1.168 0.560 0.440 -2.51 -0.40 -29.49 -0.0141 359. 16
lID 2.595 1.130 0.435 0.565 -2.52 -0.80 -29.23 -0.0113 361.46
68A 6.238 0.941 0.151 0.849 -2.52 -0.65 -36.38 -0.0058 326.54
12C 1.642 0.628 0.382 0.618 -2.55 -0.70 -16.29 -0.0099 266.69
16B 4.249 1.281 0.301 0.699 -2.56 -0.40 -32.82 -0.0077 448.05
49C 4.714 1.731 0.367 0.633 -2.97 -0.80 -51.87 -0.0110 342.87
55D 1.589 0.321 0.202 0.798 -2.99 -1.10 -11.48 -0.0072 315.57
76D 2.413 0.977 0.405 0.595 -3.02 -0.85 -29.61 -0.0123 288.40
43D 2.745 0.997 0.363 0.637 -3.04 -0.95 -30.53 -0.0111 228. 18
90C 2.809 0.790 0.281 0.719 -3.00 -1.25 -26.14 -0.0093 315.87
24B 3.991 0.690 0.173 0.827 -3.98 -1.50 -32.27 -0.0081 194.62
52A 5.324 0.937 0.176 0.824 -3.99 -1.80 -48.95 -0.0092 290.54
65H 0.728 0.183 0.251 0.749 -4.00 -0.85 -7.92 -0.0109 340.43
45B 2.798 0.795 0.284 0.716 -4.08 -1.30 -36.28 -0.0130 271.11
93E 1.595 0.127 0.080 0.920 -4.00 -2.00 -12.12 -0.0076 261.27
*data acquisition error, no measurement taken
Table C.1: Mechanical properties measured for 38 monotonic tests unloaded to zero
strain.
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Damage Damaged Damaged Damaged Cr. Cr. Cr. Len. Cr.Len. Mean
Band Trabeculae Area Area Num.f Num. (gm)h /Area Cr.Len.
Length /AreaC (mm2)d Fraction /Area (rnm/mm2)i (m) j
(mm)b (mm 2/mm 2)e (mm-2) g
65B 0 0.017 0.0649 0.00027 8 0.03 878 3.67 109.74
21B 0 0.003 0.0162 5.2E-05 6 0.02 337 1.07 56.22
45C 0 0.004 0.0108 4.3E-05 1 0.00 90 0.36 90.35
27A 0 0.005 0.0108 2.5E-05 2 0.00 205 0.48 102.72
50D 0 0.009 0.0108 4.6E-05 2 0.01 130 0.56 65.16
48A 0 0.005 0.0000 5.3E-10 3 0.02 234 1.24 78.01
14A 0 0.009 0.0432 0.00020 7 0.03 845 3.81 120.76
90D 0 0.010 0.0811 0.00028 10 0.03 971 3.40 97.11
17C 1.556 0.053 0.1622 0.00054 51 0.17 3199 10.57 62.73
53B 0.170 0.063 0.1676 0.00038 81 0.18 4802 10.91 59.28
14B 1.170 0.020 0.0811 0.00031 30 0.11 2257 8.54 75.22
93B 0.371 0.030 0.2108 0.00057 50 0.13 3681 9.91 73.62
84C 0.375 0.039 0.4595 0.0022 73 0.35 5636 27.27 77.21
55E 0 0.014 0.0541 0.00015 9 10.03 053 2.94 116. 9
91A 0.241 0.024 0.1081 0.00037 19 0.06 1802 6.13 94.83
88B 2.428 0.154 2.1678 0.00629 609 1.77 44590 129.4 73.22
87A 2.927 0.281 3.1679 0.0116 470 1.72 41475 151.4 88.24
79D 2.917 0.249 3.6815 0.00975 935 2.48 77239 204.5 82.61
65A 4.233 0.416 3.4977 0.0152 722 3.13 56379 244.5 78.09
43B 3.790 0.204 2.2327 0.00681 586 1.79 49740 151.8 84.88
42C 3.105 0.200 2.2165 0.00853 661 2.54 46976 180.8 71.07
67D 5.820 0.287 5.1519 0.0148 1277 3.66 93395 268.0 73.14
77E 1.876 0.171 0.8866 0.00309 206 0.72 14719 51.24 71.45
10A 1.562 0.170 1.6650 0.00464 542 1.51 37909 105.6 69.94
11D 3.257 0.282 3.2760 0.00906 814 2.25 63165 174.8 77.60
68A 4.734 0.398 12.1203 0.0371 3829 11.73 285745 875.1 74.63
12C 2.637 0.180 0.7947 0.00298 219 0.82 18359 68.84 83.83
16B 2.446 0.161 0.7190 0.00161 135 0.30 10337 23.07 76.57
49C 6.352 0.802 9.5740 0.0279 5794 16.90 402165 1173 69.41
55D 2.083 0.155 1.7678 0.00560 516 1.64 46325 146.8 89.78
76D 3.387 0.350 3.0598 0.0106 1285 4.46 71644 248.4 55.75
43D 2.777 0.202 2.0921 0.00917 631 2.77 48443 212.3 76.77
90C 5.196 0.584 11.2985 0.0358 5604 17.74 343571 1088 6!.31
24B 4.033 0.478 5.7033 0.0293 1253 6.44 102917 528.8 82.14
52A 6.339 0.602 11.1850 0.0385 6907 23.77 459881 1582 66.58
65H 2.943 0.214 1.1947 0.(00351 985 2.89 52852 155.3 53.66
45B 4.519 0.457 10.6282 0.0392 3271 12.07 265513 979.4 81.17
93E 3.941 0.559 7.4116 0.0287 6060 23.19 349821 1339 57.73
Table C.2: Microdamage parameters measured for 38 monotonic tests unloaded to zero
strain.
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Diffuse Single Parallel Cross- Hatch Fracture 25% 50% 75% 100% Total
65B 5 3 1 0 0 2 2 0 0 9
21B 24 1 0 0 0 1 0 0 0 25
45C 1 0 0 1 0 1 0 0 0 2
27A 8 2 0 0 0 0 2 0 0 10
50D 2 1 1 0 0 2 0 0 0 4
48A 0 0 1 0 0 1 0 0 0 1
14A 3 2 0 0 0 0 0 1 1 5
90D 2 1 0 2 0 2 0 0 1 5
14B 6 4 0 10 0 3 6 1 4 20
17C 21 4 0 15 0 7 3 3 6 40
53B 47 2 1 6 0 4 3 0 2 56
93B 1 0 2 9 0 6 3 1 1 12
84C 0 1 1 6 0 3 0 1 4 8
55E 8 3 1 1 0 5 0 0 13
91A 5 2 0 5 0 1 0 0 6 12
88B 1 3 2 48 0 18 10 3 22 54
87A 8 13 1 63 0 24 17 6 30 85
79D 7 5 9 80 0 22 22 8 42 101
65A 0 7 5 82 2 15 18 11 52 96
43B 2 4 0 62 1 24 13 4 26 69
42C 0 1 0 51 0 9 10 8 25 52
67D 3 8 3 88 1 18 21 14 47 103
77E 0 5 4 40 0 17 9 4 19 49
IOA 21 9 2 50 0 18 19 7 17 82
11D 17 11 0 91 0 23 35 13 31 119
68A 2 7 7 112 4 43 27 3 57 132
12C 1 2 0 49 0 8 21 5 14 49
16B 4 13 0 59 0 20 21 6 25 76
49C 5 19 6 250 0 67 77 33 98 280
55D 6 10 6 32 1 11 14 5 19 55
76D 0 6 0 95 0 34 33 5 29 101
43D 1 2 1 43 0 14 11 3 18 47
90C 3 10 7 153 3 46 47 18 62 176
24B 8 8 5 79 1 7 26 18 42 101
52A 6 10 8 156 1 41 32 20 82 181
65H 2 12 6 54 1 9 14 9 41 75
45B 1 2 1 118 3 27 31 12 54 125
93E 1 8 15 114 9 19 39 14 74 147
Table C.3: Damaged trabeculae in each of 38 monotonic tests unloaded to zero strain,
classified by pattern of damage and by extent of damage across the trabeculae, rounded to
the nearest quarter.
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Eo Esec Esec/Eo Damage max,, res Stress Au/EF Section
(GPa) (GPa) (1 - Esec/E) (%) (%) (MPa) Area
(mm2) a
85D 4.248 2.456 0.578 0.422 -2.02 -0.50 -50.31 -0.0118 307.14
83A 4.129 2.057 0.498 0.502 -2.01 -0.37 -42.55 -0.0103 224.95
80E 2.056 0.733 0.356 0.644 -2.01 -0.51 -16.66 -0.0081 279.5
87B 1.682 0.424 0.252 0.748 -4.00 -1.10 -21.42 -0.0127 309.57
89D 1.347 0.351 0.261 0.739 -3.98 -1.25 -16.38 -0.0122 417.98
90G 3.448 0.774 0.224 0.776 -4.01 -1.50 -35.06 -0.0102 240.13
Table C.4: Mechanical properties measured for 6 monotonic tests unloaded to zero load.
Damage Damaged Damaged Damaged Cr. Cr. Cr. Cr.Len. Mean
Band Trabeculae Area Area Num.f Num. Len. /Area Cr.Len.
Length /Areac (mm 2) d Fraction /Area ([jm)h (nIm/mm2) i (m)y
(mm)b (mm2mm 2)' (mm 2 )g
85D 4.959 0.632 8.920 0.0290 4222 13.75 359834 1172 85.23
83A 2.505 0.222 2.433 0.0108 926 4.116 64527 286.9 69.68
80E 2.838 0.233 2.314 0.00828 938 3.356 64347 230.2 68.60
87B 4.869 0.630 7.395 0.0239 2980 9.626 206780 668.0 69.39
89D 5.148 0.421 6.136 0.0147 3384 8.096 240444 575.3 71.05
90G 4.632 0.629 12.482 0.0520 5295 22.05 396317 1650 74.85
Table C.5: Microdamage parameters measured for 6 monotonic tests unloaded to zero
load.
Diffuse Single Parallel Cross-Hatch Fracture 25% 50% 75% 100% Total
85D 1 6 5 183 0 56 54 21 63 195
83A O 0 3 47 0 19 12 6 13 50
80E 0 8 6 51 0 23 11 7 24 65
87B 0 10 12 172 I 55 51 17 72 195
89D 1 18 23 134 1 29 33 21 93 177
90G 2 7 7 136 1 28 25 14 84 153
Table C.6:
classified by
Damaged trabeculae in each of for 6 monotonic tests unloaded to zero load.
pattern of damage and by extent of damage across the trabeculac. rounded to
the nearest quarter.
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Appendix D: Fatigue Testing
Legend for microdamage parameters:
aSection Area - total specimen area
bBone Area - total bone area
CBone Area Fraction - Section Area divided by Bone Area
dSpecimen Length - length of the specimen loaded during mechanical testing
eDamaged Band Fraction - total section area containing damage, normalized by
specimen section area
fDamaged Trabeculae/Area - total number of trabeculae containing damage in the
section, normalized by specimen section area
gDamaged Area Fraction - total area of the localized regions of damage, normalized
by specimen section area
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Eo £ (%) Stress N Er Er/Eo Esec Esec/Eo E£a es (%)
(MPa) Ratio (MPa) (MPa) (%)
95A N/A 0.00 N/A 0 N/A N/A N/A N/A N/A N/A
96D2 N/A 0.00 N/A 0 N/A N/A N/A N/A N/A N/A
97A1 N/A 0.00 N/A 0 N/A N/A N/A N/A N/A N/A
102C1 N/A 0.00 N/A 0 N/A N/A N/A N/A N/A N/A
107A2 N/A 0.00 N/A 0 N/-A N/A N/A N/A N/A N/A
92F2 2866 0.30 N/A 0 N/A N/A N/A N/A -0.35 -0.03
95B2 2739 0.30 N/A 0 N/A N/A N/A N/A -0.31 -0.02
103A1 2024 0.30 N/A 0 N/A N/A N/A N/A -0.32 -0.01
100A2 1415 0.30 N/A 0 N/A N/A N/A N/A -0.33 -0.01
107F1 2220 0.30 N/A 0 N/A N/A N/A N/A -0.31 -0.01
98B 1 2992 -1.30 14.48 10 2317 0.774 2414 0.807 -1.32 -0.32
95C1 1232 -1.30 6.36 9 1050 0.852 1115 0.905 -1.30 -0.46
109C1 3040 -1.30 14.98 24 2723 0.896 2768 0.911 -1.29 -0.40
111C2 1923 -1.30 9.80 1 1476 0.768 1214 0.631 -1.48 -0.68
105AI 921 -1.30 5.16 1 625 0.679 527 0.572 -1.47 -0.60
99B 1 3180 -1.65 15.44 18 2270 0.714 2455 0.772 -1.65 -0.60
107B 1 1621 -1.65 8.40 1 1325 0.817 760 0.469 -1.72 -0.90
113D1 1533 -1.65 8.26 33 1268 0.827 1535 1.001 -1.63 -0.82
116D1 3998 -1.65 20.12 20 2506 0.627 2477 0.620 -1.65 -0.30
119B3 2114 -1.65 10.86 41 1717 0.812 1587 0.751 -1.61 -0.57
106B2 1838 -2.00 9.46 9 1390 0.756 1948 1.060 -2.01 -1.26
100B 1 2944 -2.00 14.24 9 1765 0.600 1649 0.560 -2.05 -0.70
115A4 2782 -2.00 13.76 17 1716 0.617 1922 0.691 -1.99 -0.82
117B2 3091 -2.00 15.06 11 1945 0.629 1802 0.583 -1.94 -0.56
121B1 2153 -2.00 10.90 22 1593 0.740 1583 0.735 -2.01 -0.92
103C1 1292 -2.50 6.94 7 990 0.766 1145 0.886 -2.52 -1.62
101BI 1549 -2.50 8.04 5 881 0.569 843 0.544 -2.59 -1.32
118B2 2083 -2.50 10.54 4 1080 0.518 1372 0.659 -2.49 -1.35
112B2 1808 -2.50 9.54 4 960 0.531 839 - 0.464 -2.43 -1.00
114B2 1975 -2.50 10.24 10 775 0.392 984 0.498 -2.38 -1.21
Table D.1: Mechanical properties measured for 20 fatigue tests tested to a normalized
stress of Aa/Eo = 0.008, plus 10 control specimens.
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Eo E (%) Stress N Er E/Eo Esec Esec/E Eemax Eres (%)
(MPa) Ratio (MPa) (MPa) (%)
92F1 2342 N/A 10.28 1 2272 0.970 2141 0.914 -0.77 -0.09
98B2 2382 N/A 10.52 1 2245 0.942 2567 1.078 -0.65 -0.07
94B 1 2372 N/A 10.28 1 2239 0.944 2208 0.931 -0.76 -0.07
97A2 1472 N/A 6.82 1 1455 0.988 1403 0.953 -0.76 -0.06
83B 1 1571 N/A 7.50 1 1300 0.827 1156 0.736 -0.95 -0.14
107C1 3008 -1.30 13.18 22 2100 0.698 2341 0.778 -1.29 -0.38
99C1 1874 -1.30 8.48 6 1516 0.809 1469 0.784 -1.30 -0.42
1OOE 1 1390 -1.30 6.46 3 1032 0.742 951 0.684 -1.26 -0.39
115A1 2331 -1.30 10.30 26 1603 0.688 1921 0.824 -1.28 -0.40
113C1 974 -1.30 4.98 3 700 0.719 642 0.659 -1.26 -0.40
103C2 1553 -1.65 7.22 13 1126 0.725 1207 0.777 -1.67 -0.83
105D1 1836 -1.65 8.34 100 1385 0.754 1626 0.886 -1.66 -0.87
114B1 1199 -1.65 5.98 19 879 0.733 982 0.819 -1.63 -0.79
117DI 1433 -1.65 6.84 3 956 0.667 822 0.574 -1.60 -0.62
86C 1 3636 -1.65 15.52 143 2394 0.658 2785 0.766 -1.65 -0.72
IIICI 1661 -2.00 7.68 119 1393 0.839 2119 1.276 -1.99 -1.44
92C2 3378 -2.00 14.92 453 2184 0.647 2168 0.642 -1.98 -0.89
118C1 1653 -2.00 7.62 48 1052 0.636 1015 0.614 -1.99 -0.82
88D1 2024 -2.00 9.00 1183 1743 0.861 2037 1.006 -1.99 -1.28
112C2 2961 -2.00 13.44 380 1467 0.495 1744 0.589 -2.01 -0.79
95D1 668 -2.50 6.36 2 107 0.160 268 0.401 -2.60 -2.50
109A1 2504 -2.50 11.06 1144 1512 0.604 2232 0.891 -2.50 -1.35
102B2 1619 -2.50 7.44 8 767 0.474 732 0.452 -2.47 -1.13
120C1 2354 -2.50 10.66 60 988 0.420 1036 0.440 -2.52 -1.13
121C2 1807 -2.50 8.40 13 740 0.410 867 0.480 -2.49 -1.34
Table D.2: Mechanical properties measured for 20 fatigue tests tested to a normalized
stress of aJ/J) = 0.007.
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Eo E (%) Stress N E, E/Eo Esec Esec/Eo Emax Eres (%)
(MPa) Ratio (MPa) (MPa) (%)
109C2 2396 -0.80 9.22 169 2881 1.202 3101 1.294 -0.80 -0.34
96D1 945 -0.80 4.20 13 939 0.994 1063 1.125 -0.80 -0.29
83B2 1911 -0.80 7.76 10 1687 0.883 1713 0.896 -0.84 -0.15
103A2 1260 -0.80 5.34 5 1191 0.945 1275 1.012 -0.79 -0.22
112C3 1851 -0.80 7.62 1203 1575 0.851 1672 0.903 -0.78 -0.12
95C2 1703 -1.10 5.66 34 1307 0.767 1422 0.835 -1.10 -0.39
111iB 1855 -1.10 7.30 23 1505 0.811 1450 0.782 -1.10 -0.34
120B 1 2565 -1.10 10.18 465 2028 0.791 2093 0.816 -1.11 -0.36
93A 1 818 -1.10 3.78 956 1031 1.260 1178 1.440 -1.08 -0.64
76B2 1783 -1.10 7.28 121 1317 0.739 1363 0.764 -1.08 -0.28
102C2 3004 -1.30 11.30 90 1854 0.617 2211 0.736 -1.29 -0.49
121B2 1870 -1.30 7.40 5 1433 0.766 1455 0.778 -1.28 -0.58
92D1 1249 -1.30 5.10 8 883 0.707 799 0.640 -1.32 -0.45 
67E 1 3239 -1.30 12.64 509 1803 0.557 2295 0.709 -1.27 -0.44
69A1 2745 -1.30 10.66 113 1787 0.651 1958 0.713 -1.32 -0.50
94A 1 2125 -1.65 8.14 154 1252 0.589 1580 0.744 -1.65 -0.80
115A2 1984 -1.65 7.80 74 1178 0.594 1323 0.667 -1.65 -0.73
78C 1 1506 -1.65 5.90 37 893 0.593 954 0.633 -1.64 -0.72
118C2 1861 -1.65 7.32 64 1020 0.548 1186 0.637 -1.61 -0.66
88A1 1730 -1.65 7.02 62 1011 0.584 1135 0.656 -1.63 -0.68
99A1 1677 -2.00 6.72 39 822 0.490 826 0.493 -1.99 -0.91
107B2 2046 -2.00 8.08 209 1321 0.646 1499 0.733 -1.87 -1.06
119B2 1669 -2.00 6.80 207 951 0.570 1004 0.602 -1.99 -0.99
81F1 760 -2.00 3.52 130 629 0.828 687 0.904 -1.96 -1.34
84A1 1180 -2.00 5.00 18 707 0.599 663 0.562 -2.00 -0.95
1OOCI 1723 -2.50 6.86 583 1287 0.747 1492 0.866 -2.50 -2.00
116CI 1423 -2.50 5.86 847 740 0.520 826 0.580 -2.48 -1.45
113D2 2886 -2.50 11.22 122 953 0.330 1016 0.352 -2.42 -1.25
117C1 1701 -2.50 7.04 14 902 0.530 1063 0.625 -2.49 -1.68
86A2 2716 -2.50 10.42 127 1085 0.399 1372 0.505 -2.45 -1.27
Table D.3: Mechanical properties measured for 20 fatigue tests tested
stress of Act/Eo = 0.006.
to a normalized
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Eo e (%) Stress N Er EJEO Esec Esec/E £Emax Eres (%)
(MPa) Ratio (MPa) (MPa) _ (%)
97B 1 1564 -0.80 5.44 612 1465 0.937 1439 0.920 -0.79 -0.24
95D2 1218 -0.80 4.46 2500 1390 1.141 1453 1.193 -0.81 -0.35
94A2 1637 -0.80 5.66 167 1847 1.128 2027 1.238 -0.79 -0.36
98A1 2676 -0.80 8.64 6250 2368 0.885 2484 0.928 -0.81 -0.26
82E1 1469 -0.80 5.12 16 1273 0.867 1193 0.812 -0.78 -0.18
100AI 1326 -1.10 4.76 4011 1803 1.360 1876 1.415 -1.09 -0.73
107D2 3762 -1.10 11.72 322 2197 0.584 2482 0.660 -1.09 -0.30
102B1 1387 -1.10 5.00 1523 968 0.698 1152 0.831 -1.09 -0.43
109B2 1908 -1.10 6.44 17080 1636 0.857 2154 1.129 -1.10 -0.65
92C 1 3233 -1.10 10.68 3685 2045 0.633 2380 0.736 -1.03 -0.32
103B 1 3067 -1.30 9.58 2511 1781 0.581 2057 0.671 -1.28 -0.49
105C2 2254 -1.30 7.44 3121 1270 0.563 1521 0.675 -1.32 -0.57
117B1 1547 -1.30 5.38 129 1279 0.827 1556 1.006 -1.30 -0.78
118B1 1366 -1.30 4.90 123 1207 0.884 1433 1.049 -1.27 -0.79
116B1 3043 -1.30 -8.10 2581 1703 0.560 1859 0.611 -1.30 -0.46
111D1 5457 -1.65 16.38 380 2295 0.421 4137 0.758 -1.65 -0.68
121CI 2845 -1.65 9.40 741 1487 0.523 2117 0.744 -1.64 -0.93
120C2 1828 -1.65 6.42 2166 1158 0.633 1458 0.798 -1.62 -0.95
89A 1 1518 -1.65 5.06 3572 918 0.605 1057 0.696 -1.63 -0.90
112C1 2011 -1.65 6.96 687 825 0.410 1080 0.537 -1.62 -0.67
79C 1 1061 -2.00 3.90 43 626 0.590 602 0.567 -2.00 -1.16
91F1 2355 -2.00 7.84 229 970 0.412 995 0.423 -2.01 -0.96
86A 1 3080 -2.00 9.90 725 1173 0.381 1495 0.485 -1.97 -0.96
113A1 1646 -2.00 5.70 1568 1274 0.774 1466 0.891 -1.97 -1.49
114C2 2457 -2.00 8.24 1190 745 0.303 1132 0.461 -1.93 -1.19
119B1 1983 -2.50 6.72 1125 684 0.345 1095 0.552 -2.50 -1.05
93A2 2095 -2.50 7.10 78 723 0.345 824 0.393 -2.46 -1.43
87D2 2720 -2.50 8.58 486 1013 0.372 * * -2.50 -1.10
88A2 1591 -2.50 5.52 300 646 0.406 757 0.476 -2.45 -1.50
76B 1 1876 -2.50 6.36 4294 657 0.3501 746 0.398 -2.47 -1.47
*data acquisition error, no measurement taken
Table D.4: Mechanical properties measured for 30 fatigue tests tested
stress of Aa/Eo = 0.005.
to a normalized
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Section Bone Bone Area Specimen Damaged Damaged Damaged
Area Area Fraction Length Band Trabeculae Area
(mm 2)a (mm2 )b (mm2/mm2)C (mm) d Fraction /Area Fraction
(mm 2 /mm 2)e (mm- 2 )f (mm 2/mm-2)
95A1 178.13 98.9 0.555 7.336 0.000 0.000 0
96D2 223.35 92.02 0.412 9.448 0.000 0.009 0.00024
97A1 239.85 109.93 0.458 8.578 0.000 0.000 0
102C1 238.42 120.31 0.505 8.516 0.000 0.008 0.00007
107A2 306.64 167.27 0.545 10.89 0.000 0.000 0
92F2 172.81 95.18 0.551 5.962 0.000 0.000 0
95B2 206.59 118.2 0.572 7.05 0.000 0.000 0
103A1 262.74 125.76 0.479 7.735 0.000 0.000 0
100A2 288.46 116.54 0.404 8.065 0.000 0.003 0
107F1 296.88 101.66 0.342 8.455 0.000 0.007 0.00011
98B1 166.26 93.89 0.565 7.103 0.087 0.192 0.00491
95C1 133.81 48.39 0.362 7.028 0.202 0.149 0.00448
109C1 156.91 77.71 0.495 7.12 0.258 0.191 0.00241
11C2 136.18 76.65 0.563 8.15 0.000 0.022 0.00020
105AI 172.06 63.75 0.371 7.128 0.158 0.203 0.00474
99B1 151.78 73.63 0.485 6.625 0.316 0.395 0.00463
107B1 171.85 68.02 0.396 7.585 0.000 0.029 0.00044
113D1 173.95 63.2 0.363 7.693 0.000 0.040 0.00090
116DI 129.63 73.22 0.565 7.677 0.340 0.285 0.00388
119B3 174.31 65.96 0.378 7.383 0.665 0.711 0.01150
106B2 148.75 73.74 0.496 6.505 0.042 0.074 0.00142
1OOBI 165.95 76.57 0.461 7.06 1.000 0.801 0.0246
115A4 178.33 95.94 0.538 7.54 0.332 0.353 0.00449
117B2 163.64 72.82 0.445 7.028 0.702 0.654 0.0165
121B1 159.48 76.64 0.481 6.88 0.293 0.213 0.00369
103C1 147.49 66.31 0.450 6.465 0.000 0.034 0.00059
O11BI 151.55 57.83 0.382 6.45 0.255 0.323 0.00414
118B2 148.49 71.13 0.479 6.718 0.025 0.067 0.00171
112B2 134.41 48.01 0.357 7.128 0.802 0.937 0.0156
114B2 181.85 67.69 0.372 7.498 0.570 0.484 0.0116
Table D.5: Microdamage parameters measured for 30 fatigue tests tested to a normalized
stress of dAo/E( = 0.008. plus 10 control specimens.
278
Section Bone Bone Area Specimen Damaged Damaged Damaged
Area Area Fraction Length Band Trabeculae Area
(mm 2)a (mm2 )b (mm2/mm2)c (mm)d Fraction /Area Fraction
(mm2/mm2)e (mm- 2)f (mm2/mm2) g
107C1 158.68 80.74 0.509 6.78 0.341 0.340 0.00811
99C1 172.43 98.78 0.573 7.15 0.143 0.180 0.00204
1OOEl 225.61 91.69 0.406 7.538 0.339 0.332 0.00467
115AI 257.52 125.45 0.487 7.157 0.438 0.513 0.00821
113C1 209.56 69.22 0.330 6.808 0.572 0.358 0.00529
103C2 264.84 133.07 0.502 8.86 0.031 0.064 0.00078
105D1 145.82 69.45 0.476 6.155 0.311 0.480 0.0152
114B1 231.62 103.31 0.446 7.526 0.014 0.073 0.00133
117D1 218.94 69.26 0.316 7.212 0.358 0.333 0.00558
86C1 204.96 117.77 0.575 6.852 0.527 0.527 0.00955
111CI 154.2 84.38 0.547 6.578 0.043 0.065 0.00091
92C2 247.2 166.5 0.674 8.002 0.708 0.761 0.0333
118C1 242.16 131.61 0.543 6.917 0.605 0.917 0.0230
88D1 218.3 109.15 0.500 7.296 0.310 0.289 0.00753
112C2 22! 52 109.93 0.496 7.16 0.745 1.065 0.0395
95D 1 161.95 34.86 0.215 7.208 0.248 0.321 0.00531
109AI 210.64 123.08 0.584 7.154 0.434 0.603 0.0271
102B2 194.35 85.25 0.439 7.05 0.793 1.081 0.0208
120C1 186.08 88.74 0.477 7.74 1.000 0.833 0.0302
121C2 169.96 70.67 0.416 8.273 0.072 0.100 0.00204
Table D.6: Microdamage parameters r,easured for 20 fatigue tests tested to a normalized
stress of dA ', = 0.007.
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Section Bone Bone Area Specimen Damaged Damaged Damaged
Area Area Fraction Length Band Trabeculae Area
(mm2)a (mm2)b (mm2/mm2 )C (mm)d Fraction /Area Fraction
(mm 2/mm2 )e (mm-2)f (mm 2/mm 2)g
109C2 225.15 139.01 0.617 6.357 0.000 0.004 0.00002
96D1 204.55 93.36 0.456 6.87 0.000 0.005 0.00003
83B2 140.82 54.29 0.386 5.848 0.187 0.178 0.00123
103A2 192.9 76.47 0.396 6.946 0.000 0.026 0.00014
112C3 263.58 118.54 0.450 8.652 0.237 0.266 0.00558
95C2 159.18 66.76 0.419 6.715 0.209 0.239 0.00425
lIl1B 216.33 100.72 0.466 7.346 0.541 0.527 0.014
120B 1 242.1 113.97 0.471 7.972 0.115 0.190 0.00406
93A1 212.84 102.26 0.480 7.024 0.023 0.052 0.00056
76B2 273 118.88 0.435 7.653 0.533 0.495 0.00859
102C2 218.05 122.04 0.560 7.188 0.152 0.151 0.00228
121B2 177.87 77.26 0.434 7.6 0.000 0.000 0
92D1 232.96 96.93 0.416 7.568 0.300 0.206 0.00629
67E 1 248.12 123.6 0.498 8.08 0.253 0.254 0.00845
69A 1 196.64 95.28 0.485 7.895 0.226 0.193 0.00319
94A 1 175.49 71.39 0.407 5.97 0.498 0.604 0.0186
115A2 196.43 81.43 0.415 6.49 0.499 0.601 0.0137
78C 1 204.64 80.23 0.392 6.97 0.703 0.728 0.0169
118C2 181.41 75.56 0.417 5.906 0.785 1.279 0.0167
88A 1 173.62 92.96 0.535 7.13 0.691 0.357 0.00498
99A1 215.69 89.221 0.414 7.508 0.816 1.001 0.0218
107B2 222.67 119.57 0.537 7.36 0.435 0.719 0.0176
119B2 214.61 75.82 0.353 7.43 0.730 0.918 0.0235
81F1 205.83 72.43 0.352 8.375 0.392 0.544 0.0102
84A1 198.78 94.74 0.477 6.626 0.716 0.890 0.0133
IOOCI 171.78 99.92 0.582 7.128 0.181 0.256 0.00425
116C1 216.05 85.6 0.396 7.36 0.716 0.903 0.0285
113D2 204.04 101.35 0.497 6.842 0.745 1.078 0.0316
117CI 163.74 81.59 0.498 6.9 0.000 0.000 0
86A2 165.33 73.64 0.445 6.858 0.482 0.762 0.0275
Table D.7: Microdamage parameters measured for 30 fatigue tests tested to a normalized
stress of Ao/E( = 0.006.
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Section Bone Bone Area Specimen Damaged Damaged Damaged
Area Area Fraction Length Band Trabeculae Area
(mm2)a (mm2)b (mm2/mm2) (mm) d Fraction /Area Fraction
(mm2 /mm 2)e (mm2) f (mm 2/mm2)
97B 1 182.27 74.72 0.410 7.855 0.121 0.115 0.00172
95D2 170.99 87.98 0.515 7.638 0.064 0.094 0.00104
94A2 118.18 51.65 0.437 6.68 0.000 0.000 0
98A 1 150.61 88.54 0.588 6.944 0.480 0.378 0.00818
82E 1 166.78 74.72 0.448 7.16 0.179 0.234 0.00311
100AI 155.98 65.9 0.422 6.998 0.000 0.013 0
107D2 147.7 80.55 0.545 6.523 0.496 0.589 0.0118
102B1 174.57 80.39 0.461 8.393 0.593 0.487 0.00799
109B2 151.05 78.61 0.520 6.58 0.162 0.205 0.00598
92C 1 150.74 83.28 0.552 6.45 0.366 0.325 0.0181
103B 150.98 72.27 0.479 6.743 0.590 0.583 0.0129
105C2 131.2 74.32 0.566 7.007 0.223 0.198 0.00548
117B1 157.08 73.79 0.470 6.738 0.000 0.006 0
118BI 160.69 77.56 0.483 6.89 0.000 0.037 0.00017
116B1 183.37 85.98 0.469 7.16 0.754 0.676 0.0170
11 DI 153.07 97.83 0.639 6.615 0.438 0.575 0.0338
121C1 160.92 77.17 0.480 6.815 0.373 0.292 0.00601
120C2 197.24 90.82 0.460 6.956 0.296 0.319 0.00491
89A 1 193.37 83.6 0.432 8.4 0.621 0.931 0.0182
112CI 179.54 69.03 0.384 7.123 0.739 0.574 0.0160
79C1 117.16 40.65 0.347 6.79 0.710 0.640 0.00983
91FI 155.08 63.67 0.411 6.728 0.661 0.638 0.0138
86A 1 161.07 75.62 0.469 6.77 0.673 0.652 0.0154
113AI 163.24 56.12 0.344 6.693 0.045 0.165 0.00202
1 14C2 195.15 87.2 0.447 8.11 0.407 0.487 0.0152
119BI 178.53 67.96 0.381 7.79 0.616 0.627 0.0185
93A2 151.48 60.69 0.401 6.368 1.000 1.261 0.0296
87D2 154.18 71.98 0.467 6.928 0.421 0.480 0.0170
88A2 189.16 71.85 0.380 7.705 0.738 0.777 0.0167
76B1 227.94 93.33 0.409 7.604 0.440 0.390 0.0187
Table 1).8: Microdamage parameters measured for 30 fatigue tests tested to a normalized
stress of Ai/L,) = 0.005.
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Diffuse Single Paralle Cross-Hatch Fracture 25% 50% 75% 100% Total
95Ai 0 0 0 0 0 0 0 0 0 0
96D2 0 2 0 0 0 2 0 0 0 2 
97A1 0 0 0 0 0 0 0 0 0 0
102C1 0 1 0 1 0 1 1 0 0 2
107A2 0 0 0 0 0 0 0 0 0 0
92F2 0 0 0 0 0 0 0 0 0 0
95B2 0 0 0 0 0 0 0 0 0 0
103AI 0 0 0 0 0 0 0 0 0 0
100A2 0 1 0 0 0 1 0 0 0 1
107FI 0 1 0 1 0 2 0 0 0 2
98B1 0 6 1 25 0 8 8 4 12
95C1 0 3 2 15 0 6 6 4 4 20
109C 1 0 3 1 26 0 11 6 5 8 30
111C2 1 2 0 0 0 2 I 0 0 3
105AI 0 5 3 27 0 7 12 4 12 35
99B1 0 3 3 54 0 20 12 7 21 60
107B1 0 0 1 4 0 3 1 0 i 5
113D1 0 0 1 6 0 1 1 0 5 7
116D1 0 2 0 35 0 20 9 2 6 37
119B3 0 7 5 111 1 28 35 10 51 124
106B2 0 0 0 1 0 1 3 2 5 11
100BI 2 3 9 118 1 21 28 16 68 133
115A4 0 6 3 54 0 21 16 10 16 63
117B2 0 2 2 103 0 25 25 16 41 107
121BI 0 2 1 31 0 I1 10 3 10 34
103C1 0 1 0 4 0 3 1 0 1 5
101BI 1 2 1 45 0 16 9 5 19 49
118B2 I 0 0 9 0 4 2 0 4 10
112B2 3 2 4 116 1 26 18 9 73 126
114B2 0 5 5 68 10 17 21 17 33 88
Table D.9: Damaged trabeculae in each of 20 fatigue tests tested to a normalized stress
of aE 0 = 0.008, plus 10 control specimens, classified by pattern of damage and by
extent of damage across the trabeculac, rounded to 'he nearest quarter.
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Diffuse Single Paralle Cross- Fracture 25% 50% 75% 100% Total
I Hatch
107C1 0 1 0 53 0 16 12 7 19 54
99C1 0 1 0 30 0 12 6 3 10 31
1OOE1 1 14 2 58 0 15 14 15 31 75
115A1 5 12 3 112 0 33 39 17 43 132
113C1 0 4 3 68 0 15 16 13 31 75
103C2 1 2 0 14 0 6 4 2 5 17
105D1 1 3 4 61 1 6 12 9 43 70
114B1 0 2 1 14 0 1 3 1 12 17
117DI 2 2 2 67 0 14 16 6 37 73
86C1 3 17 2 85 1 46 32 9 21 108
111CI 1 0 1 8 0 1 3 1 5 10
92C2 9 14 10 154 1 65 43 28 52 188
118C1 3 11 6 202 0 42 37 32 111 222
88D1 2 5 2 54 0 24 17 9 13 63
112C2 2 14 6 204 10 60 49 37 90 236
95D 1 3 2 11 34 2 13 19 7 13 52
109A1 I 2 4 112 8 31 22 15 59 127
102B2 5 13 13 174 5 24 44 21 121 210
120C1 0 7 5 141 2 23 37 15 80 155
121C2 0 0 1 16 0 3 5 5 4 17
Table D.10: Damaged trabeculae in each of 20 fatigue tests tested to a normalized stress
of Acr/E, = 0.007, classified by pattern of damage and by extent of damage across the
trabeculae, rounded to the nearest quarter.
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-
Diffuse Single Paralle Cross- Fracture 25% 50% 75% 100% Total
1 Hatch
109C2 0 1 0 0 0 1 0 0 0 1
96D1 0 0 1 0 0 1 0 0 0 1
83B2 0 5 0 20 0 8 5 6 6 25
103A2 0 3 2 0 0 0 3 1 1 5
112C3 0 5 1 64 0 15 15 11 29 70
95C2 0 5 2 31 0 16 8 5 9 38
111BI 1 9 3 101 0 21 32 13 48 114
120B1 2 8 0 36 0 11 13 7 15 46
93A1 1 3 0 7 0 1 2 2 6 11
76B2 1 11 3 120 0 35 22 15 63 135
102C2 1 4 0 28 0 18 5 3 7 33
121B2 0 0 0 0 () 0 0 0 0 0
92D1 1 1 2 44 0 10 13 5 20 48
67EI 1 5 0 57 0 14 9 10 30 63
69A1 0 6 0 32 0 14 5 4 15 38
94A1 1 5 9 88 3 13 20 16 57 106
115A2 3 10 0 105 0 24 21 16 57 118
78C1 0 2 3 144 0 31 27 12 79 149
118C2 3 19 1 1 199 0 44 59 32 97 232
88A1 1 3 0 58 0 20 8 6 28 60
99A1 3 22 16 170 5 30 51 32 103 216
107B2 3 11 11 135 0 34 33 19 74 160
119B2 5 6 10 170 6 38 40 20 99 197
81F1 3 11 5 93 0 19 15 9 69 112
84AI 12 16 2 147 0 48 24 19 86 177
100C 1 6 2 35 0 14 12 3 15 44
116C1 0 8 4 167 16 36 37 18 104 195
113D2 0 8 7 187 18 42 53 21 104 220
117C1 0 0 0 0 0 0 0 0 0 0
86A2 2 4 3 114 3 31 25 8 62 126
Table D.11: Damaged trabeculae in each of 20 fatigue tests tested to a normalized stress
of A&r/FE, = 0.006, classified by pattern of damage and by extent of damage across the
- trabeculae, rounded to the nearest quarter.
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Diffuse Sinle Parallel Cross-Hatch Fracture 25% 50% 75% 100% Total
97B1 0 4 1 16 0 3 1 3 14 21
95D22 2 0 12 0 2 2 4 8 16
94A2 0 0 0 0 0 0 0 0 0 0
98A 1 1 6 1 46 3 13 11 4 29 57
82E1 0 5 1 32 1 8 6 5 20 39
I OOA 0 0 0 1 1 I 0 0 1 2
107D2 0 7 1 77 2 24 22 9 32 87
102B 1 1 2 3 78 1 10 21 8 46 85
109B2 0 2 0 26 3 8 8 2 13 31
92C1 0 2 3 36 8 11 11 6 21 49
103B 1 9 1 69 8 16 22 4 46 88
105C2 0 1 0 24 1 5 5 5 11 26
117BI 0 1 0 0 0 ! 0 0 0 1
118BI 0 2 0 3 1 2 1 0 3 6
116B 1 11 2 102 8 24 30 11 59 124
I11DI 0 2 2 84 0 26 26 9 27 88
121CI 1 7 1 38 0 9 15 5 18 47
120C2 1 6 2 53 1 14 14 4 31 63
89A 1 5 19 13 136 7 26 43 22 89 180
112C1 0 5 5 84 9 15 12 10 66 103
79C1 2 5 4 62 2 11 17 7 40 75
91F1 10 13 69 4 22 21 7 49 99
86A1 I1 7 5 82 10 14 19 14 58 105
113AI 0 3 2 20 2 7 7 1 12 27
114C2 1 7 4 64 19 3 23 14 55 95
119B1 1 6 4 93 8 26 21 19 46 112
93A2 I 14 16 146 14 19 40 23 109 191
87D2 I 1 4 60 8 13 18 10 33 74
88A2 1 8 7 118 13 20 31 6 90 147
76B1 2 4 4 60 19 5 19 6 59 89
Table D.12: Damaged trabeculae in each of 30 fatigue tests tested to a normalized stress
of dcr/Eo = 0.005. classified by pattern of damage and by extent of damage across the
trabeculae, rounded to the nearest quarter.
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